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Abstract 
The work aims to extend and improve existing conduction limited laser surface treatment 
techniques (laser transformation hardening and laser surface melting) by applying a rý 
simple analytical model to design laser experiment using customised beat source profiles. 
A general methodology for optimising the laser surface treatment by customising the heat 
source profile was proposed. Through identifying surface property to be achieved, 
analysing the required microstructural changes, examining the necessary surface 
temperature distribution and applying a custornised heat source profile, a desired surface 
mechanical property can be obtained. 
A simple analytical model was used to design the heat source profiles and to calculate the 
temperature distribution within and outside the beam illumination region. The model 
based on the summation of a continuous series of point sources traversing on a semi- 
infinite workpiece. 
Laser surface treatment experiments were conducted using high power C02 laser on BS 
080A40 carbon steel, BS 817M40 low alloy steel and BS grade 250 pearlitic grey cast 
iron. Customised heat source profile beams were produced using a diffractive optical 
element (DOE) mirror as the final turning mirror. A circular "near Gaussian", a square 
cc top hat" and four complex beam heat source profiles, namely: "CU, "CLT' and "CIM', 
were used in the research. 
Experimental and theoretical analyses were made to compare the HAZ shape and 
dimension, microstructure and hardness value produced using traditional and customised 
heat source profiles. The results showed that the model predicted well the temperature 
distribution in the workpiece with satisfactory . 
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2. Temperature Distribution Calculation 
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Introduction 
Applications of laser material processing have grown enormously since the 
development of the C02 laser in 1964 111. ffigh power C02 lasers have been used as a 
tool for variety applications including laser surface treatment such as laser 
transformation hardening and laser surface melting. Laser transformation hardening 
and laser surface melting have been used in industry and investigated by many 
researchers for more than three decades. They are used to improve the mechanical 
properties of selective areas, particularly for highly-stressed steel machine parts in 
order to enhance wear resistance and fatigue life E21 . These processes have been used 
for numerous industrial applications including gear teeth, piston ring seats, 
crankshafts and steering wheel housings E21 . 
Current research in laser transformation hardening involves optimisation of the 
process, evaluation of mechanical properties (particularly wear and fatigue 
properties), and the development of mathematical models to predict the temperature 
distribution and the hardened zone profile [31 . Despite this research, 
laser 
transformation hardening and laser surface melting still have some significant 
limitations which have not been thoroughly investigated. 
Laser material processing traditionally relies on "focused", "unfocused" and "top hat" 
beam shapes [2,31 . The resulting mechanical properties are 
directly influenced by the 
profile of the incident heat source, resulting in limits associated with these beam 
shapes [1]. The rapid heating-cooling cycle makes treatment of steels with coarser 
carbide sizes unfavourable since a longer soaking time is required for completing 
carbon diffusion [2,31 . Furthermore 
(31 
, during laser transformation hardening several 
overlapping tracks are required in order to cover larger surface areas, resulting in back 
tempering at the overlapped area and a non-uniform hardening profile E4,51 . This may 
make other surface hardening techniques e. g. induction hardening, more suitable for 
large surface areas. Process optimisation has been limited as the laser beam intensity 
profile and hence the temperature distribution in the work-piece, cannot normally be 
sufficiently controlled. However, with the development of the diffractive optical 
A-Týimartomo Chap ter I 
element (DOE) [61 , it is now feasible to control the laser beam intensity profile to 
engineer a more ideal temperature distribution in the workpiece, thus providing 
improved processing. 
The objective of this research is to extend and improve existing conduction limited C. 
laser material processing techniques (laser transformation hardening and surface 
melting) by applying customised heat source profiles obtained through the use of the 
DOE. 
1.1. Contributions of This Work 
The following methodology of laser surface treatment using customised heat source 
profile has been proposed: 
1. Identify the surface properties required and determine the microstructure to be 
achieved, 
2. Determine the heat flow and temperature field required to obtain the desired 
microstructure, 
3. Design the heat profile needed to produce the desire temperature field, 
4. Apply the customised heat source by laser experiment to the workpiece and 
evaluate the results via study the microstructure and mechanical properties. 
A DOE has been used to customise the laser beam intensity profile to produce the 
customised heat source. 
Customised laser heat sources and their resulting temperature distribution in the 
workpiece were designed and calculated using a mathematical model based on the 
summation of a continuous series of point sources traversing on a semi-infinite 
workpiece. The model was built using high-level mathematical software, 
MathematicaTm by Wolfram Research, and the numerical integration was undertaken 
using the built in packages supplied with the software. 
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Diffusion analysis of carbon and other alloying elements have been done based on the 
work of Ashby et al [73 and the mathematical calculations were carried out using 
MathematicaTm. 
Laser surface treatment of carbon steel, low alloy steel and cast iron were undertaken 
using a customised laser beam heat source profile. The resulting microstructures were 
analysed using an optical microscope and SEM and were correlated with the 
analytical models. The models were shown to agree with the experimental results. 
The heat treated samples were mechanically characterised using microhardness test. 
The test results were analysed and compared for each different laser beam heat source 
profiles. 
1.2. Thesis Overview 
Chapter II provides a comprehensive review of the works that has been carried out in 
the field of laser material processing to date. Included in the review are: various 
methods of surface treatment for steel and cast iron (induction, furnace, flame, arc and 
e-beam), laser surface treatment (laser surface hardening and surface melting), beam 
shaping techniques, diffractive optical elements (DOE) and the development of 
mathematical models used in laser surface treatment. 
Chapter III describes the methodology applied in the research. Included in the 
methodology are: the microstructural work, theoretical work and the experimental 
design. During the microstructural work, the materials used during the project were 
analysed. Desirable surface properties and microstructure were identified. The 
temperature distribution required to obtain the desired microstructure was also 
examined. The theoretical work describes the mathematical model used to design the 
heat profile needed to produce the desired temperature distribution. Control of the 
temperature distribution transversely (for shape of the hardening zone, hardening 
uniformity, large area overlaps) and longitudinally (for diffusion without surface 
melting) is discussed. The experimental design provides the experimental details for 
sample preparation and for undertaking laser experiment using customised heat source 
3 
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profiles. Pre-treatment of the workpiece is used to control the initial microstructure of 
the workpiece prior to the laser treatment. The setup of the laser experiment is 
described, including the used of DOE in the optics train setup and the application of a 
graphite spray to increase the laser beam absorption in the workpiece. 
The results from different experimental works of laser transformation hardening and 
laser surface melting are shown in chapter IV to VIII. A comprehensive discussion is 
also given which includes the comparison of theoretical and experimental work, 
issues of microstructural changes; highlights the effect of varying process parameters 
compared for each heat source profiles and the added microstructural problems this 
may bring. 
Chapter IV discusses the selection of processing parameters together with their 
variabilities and sensitivities to the process. 
Chapter V describes the laser hardening experiment of BS 08OA40 carbon steel 
carried out in order to study the temperature distribution in the workpiece that 
occurred by using different heat source profiles and processing parameters. 
Chapter VI discusses the laser hardening experiment of BS 080A40 carbon steel, 
carried out to study the carbon diffusion process in different diffusion distances 
treated using different heat source profiles and processing parameters. 
Chapter VII describes the laser hardening experiment of BS 817M40 low alloy steel 
to study the temperature distribution in the workpiece and its microstructural 
transformation that occurred by using different heat source profiles and processing 
parameters. 
Chapter VIII discusses the laser hardening experiment of BS OSOA40 carbon steel to 
study the back tempering phenomenon occurring in between two passes during laser 
hardening of larg ., e surface area 
treated using different heat source profiles. 
4 
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Chapter IX describes the laser surface treatment experiment of BS grade 250 pearlitic 
grey cast iron to study the temperature distribution that occurred during inter-phase 
transformation treated with different heat source profiles and process parameters. 
Chapter X summarises the main project conclusions and suggest possible future 
directions in the application of laser surface treatment using customised heat source 
profiles. 
1.3. References 
1. Patel, C. K. N., "Continuous Wave Laser Action on Vibrational Rotational 
Transition of C02", Physics Review A, Vol. 136A, 1964, pp. 1187-1193. 
2. Ready, J. F., Farson, D. F., "LIA Handbook of Laser Materials Processing", Laser 
Institute of America, Ist edition, 2001. 
3. Ion, J. C., "Review Laser Transformation Hardening", Surface Engineering, 
Vol. 18,2002, pp. 14-3 L 
4. Steen, W. M., "Laser Material Processing", 2 nd ed., Springer-Verlag London Ltd, 
2 nd edition, 1998. 
5. Iino, Y., Shimoda, K., "Effects of Overlap Pass Tempering on Hardness and 
Fatigue Behaviour in laser Heat Treatment of Carbon Steel", Journal of Materials 
Science Letters, Vol. 6,1987, pp. 1193-1194. 
6. Tyrer, J. R., Noden, S. C., "Diffractive Optical Elements for Manipulation of High 
Power C02 Laser Radiation -a feasibility study", Proceedings of SPIE, Vol. 2789, 
1996, pp. 174-185. 
7. Ashby, M. F., Easterling, K. E. "The Transformation Hardening of Steel Surface by 
Laser Beam - 1. Hypo-Eutectoid Steels", Acta Metallurgica, vol. 32,1984, 
pp. 1935-1948. 
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Literature Review 
IIA. Surface Hardening Methods 
Surface hardening is a method used to improve the surface hardness of a workpiece 
without affecting the softer, tougher interior [1,21 . The combination of a hard case and 
tough core finds uses in many applications such as gear teeth, crank shaft and beating 
surface which must have a hard case to resist wear and fatigue failure, along with a 
tough interior to withstand breakage upon impact "'21. Surface hardening has a major 
advantage over through hardening since inexpensive low-carbon and medium-carbon 
steels can be surface hardened without the problems of distortion and cracking 
associated with through hardening of a workpiece. 
In order to optimise the hardening effect on different materials and applications, a 
wide variety of different methods of surface hardening have been developed [1 . 21 . Most 
methods rely on surface modification and require heat input to the workpiece. Surface 
modification hardening can be split into: (figure IL 1) 
" Whole part batch - diffusion methods 
" Selective hardening methods 
Table IIJ lists the principal features of different surface hardening methods. 
11.1.1. Diffusion Methods 
The diffusion methods modify the chemical composition of the workpiece surface 
with the addition of hardening elements such as carbon or nitrogen by applying an 
appropriate amount of heat and time. These methods allow effective hardening of the 
entire surface of a workpiece and are generally used when a large number of parts are 
to be surface hardened. Low carbon and low alloy steel are usually used with these 
methods. The diffusion methods of surface hardening can be divided into [21 
" carburizing 
" carbonitriding, 
" nitriding 
6 
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o nitrocarbutizing 
Chapter II 
Table 11.1. The principal features and properties of the surface modification methods. 
Features &n W 
.0 C43 
U 
Hardness (Hv) 550-850 550-750 550-750 550-850 850 850 650-1100 450-600 
Max Case Depth 
1.5 5 10 1 3 0.75 0.5 0.02 
(mm) 
Distortion very low medium high very low medium low very low very low 
Flexibility high 
I 
low high medium medium medium medium medium 
Precision high medium low high medium medium medium medium 
Operator 
medium medium high medium medium medium medium medium 
skill 
Environmental 
low low medium low high high high high 
impact 
Quenching 
no sometimes yes no no no no no 
required 
11.1.2. SeIective Surface Hardening Methods 
Selective surface hardening methods enable localised hardening. These processes 
involves the modification of a surface phase containing sufficient carbon by heating it 
above austenitic temperature then allowing to cool at a rate sufficient to cause the 
martensitic transfonnation. The selective surface hardening methods can be divided 
into [21 : 
" induction hardening 
" flame hardening 
" electron beam hardening (E-beam) 
" laser transformation hardening 
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11.1.3. Comparison among Surface Hardening Methods 
[1,2,3,41 
Laser transformation hardening, referred to hereafter as laser hardening, competes 
with many established surface hardening methods. The major advantage of laser 
hardening is the ability of the laser beam to be easily concentrated to a specific, small 
area of the workpiece. Thus, the heat input to the workpiece is minimal, resulting in 
low distortion. The main disadvantage of laser hardening with respect to other 
technologies is the high initial capital cost. In addition, the workpiece surface must be 
coated to enhance the absorptivity of laser beam. A good technical and economical 
reason must be made before replacing an existing process. 
11.1.3.1. Diffusion Methods [1,2,3,41 
These hardening treatments based on exposing the workpiece to a media, i. e. gas, 
liquid or plasma, containing hardening elements which is normally applied to low 
carbon and low alloy steel. These methods are suitable for workpiece that require the 
entire surface to be hardened and which are designed so that distortion caused by 
heating is not a problem. The equipment cost is relatively low. In the case of selective 
hardening, masking is needed which may be time consuming and will increase the 
cost. In addition, the residual compounds need to be carefully handled in order to 
meet environmental considerations. Laser hardening has technical and economical 
advantages over the diffusion methods, particularly for treating small areas. 
H. 1.3.2. Induction Hardening Method [1,2,3,41 
Induction hardening has low capital and maintenance costs and often requires less 
floor space than laser hardening. The total energy input to the workpiece is higher 
than in laser hardening, resulting in the possibility of a deeper case without surface 
melting. However, the induction hardening process can be limited by the need for 
scanning coils, which must be positioned accurately, making it difficult to apply the 
process to complex geometries, and to treat in accessible locations. Furthermore, 
variations in the coil to work-surface air gap will adversely affect the resulting 
hardness and case depth. A laser beam can be manipulated easily to treat such 
components by using a suitable optical steering system. It is also difficult to obtain 
shallow cases and distortion is relatively high, leading to the requirement of post- 
treatments. This problem may be overcome with the limited energy input of laser 
hardening 
8 
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11.1.3.3. Flame Hardening Method [1,2,3,41 
A torch such as oxy-acetylene is used to heat a part to be hardened. This is a flexible 
process with a very low capital cost. However, the power density is low compared to 
laser hardening and the heat must be applied for a significant time period. Heat 
penetrates deeply into the workpiece, which can lead to high distortion and the need 
for external quenching. The imprecise nature of the flame heat application leads to 
inconsistencies in the hardness and case depth due to the difficulty in controlling the 
flame and so surface temperature distribution. 
11.1.3.4. Electron Beam Method [1,2,3,41 
Electron beam hardening is similar to a laser hardening. The heat source is a beam of 
high-energy electrons. The beam can be easily manipulated using electromagnetic 
coils and no absorptive coating is needed. The process can be highly automated, 
however since the process is carried out in a vacuum, the production rate is low and 
the size of the vacuum chamber restricts the part size that can be hardened. As in laser 
hardening, the surface can be hardened very precisely both in depth and width. 
11.1.3.5. Laser Hardening Method 
-Laser hardening has several significant advantages over its competing methods. It is 
more localized, which in turn minimizes the total energy input and thereby the overall 
thermal'distortion of the work-piece can be extremely low. In fact, the process is 
usually only cost effective for localized heat treating applications. Other techniques 
can be more efficient for heat treatment applications involving large surface areas. 
Another benefit is the heat is only applied to a thin surface layer, the interior of the 
work-piece remains cool and provides fast cooling by conduction giving a fine 
martensitic layer at the surface which is harder than that produced by conventional 
techniques. It has been found to be 50 H, higher than the hardness formed using other 
techniques 151. Other mechanical properties i. e. wear resistance and fatigue live have 
also exhibited a higher value than that for conventional hardening techniques. It has 
been reported the wear loss of AISI 1045 was about 55 % less for laser treated steel 
than for oil quenched steel (6-7). An added benefit is that reasonably complex 
geometric shapes can be treated simply by use of a suitable optical steering system. 
For example, a reflecting mirror can be used to project the laser beam onto the inside 
of a rotating tube. Toric mirrors can be designed to form a continuous band of 
AgWmartomo Chapter II 
radiation to treat inner or outer surfaces of cylinders and cones. Prisms can also be 
used to split the laser beam and direct the two parts at different angles to a shaped 
surface, such as a gear groove [3,81 . The laser hardening process is also amenable to 
computer-controlled automation that can lead to significant improvements in 
production time, accuracy, quality and economy. 
11.2. Laser Hardening 
11.2.1. General Review of Laser Hardening 
H. 2.1.1. Development of Laser Hardening Method 
It is recognized that laser hardening is one of the best and most effective methods of 
surface hardening for machine parts and tools. A large number of researchers have 
carried out investigations of laser hardening; however, a lot of questions are still 
unsolved. 
The invention of laser by Maiman in 1960 E9J followed the development Of C02 laser 
by Patel in 1964 E101 has led to the investigation of the effects of high power laser 
beam on materials. Initially, laser hardening of material emerged with the use of ruby 
pulsed lasers in 1966 E11,121 . After irradiation, a nearly pure iron thin 
foil exhibited a 
defect structure with high dislocation density arranged in a cellular network typical of 
low-carbon steel that contributed to the increasing of hardness. 
Early experiments to investigate the heat affected zone (HAZ) depths of laser 
hardened carbon steels using different laser powers and processing speeds were 
conducted in the mid of 1970's using a continuous wave (CW) C02 laser 113 , 141. It was 
found that the laser beam power density had a inverse relationship with the beam 
reflectivity on the steel surface. 
In 1979 Steen and Courtney 1151 published work on the investigation of laser hardening 
of AISI 1036 steel using a2 kW CW C02 laser and Gaussian beam intensity profile. 
The experimental results from varying the laser beam power (P), beam diameter (Db) 
and beam traverse velocity (v) were analysed statistically. Based on the experimental 
data, the depth of hardening was determined as a function of the parameter: P/(DbV)0*5 
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and the onset of surface melting as a function of parameter: P/Db 2 v. These 
relationships are strictly based on empirical relationships derived from the 
experimental data and have no physical or analytical basis. Nevertheless, this 
contribution is considered significant because it was not only presented the 
experimental results but also attempted to develop operating charts, i. e. laser power vs 
traverse velocity of different laser beam diameters for 0.1 mm hardening depth and 
surface melting for each beam diameter, for the first time. Two metallurgical 
structures dependent upon process speed were identified: 
"A fully martensitic structure resulting from low scanning speed laser beams. 
"A non-homogenous martensitic structure resulting from high scanning speeds. 
Two of the most substantial published works in the area of laser hardening were 
conducted by Ashby and Easterling [161 and Li, et. al [171 . Laser 
hardening of hypo and 
hyper-eutectoid steel, respectively, were investigated using CW C02 laser. The 
processing parameters of beam diameter and beam traverse velocity were varied. Both 
Gaussian and "top hat" energy distribution profiles were employed. The absorptivity 
was measured using calorimeter and reported to be 0.7 ± 0.03 for workpiece surface 
coated with dispersion of carbon in alcohol plus binder. The use of a "top hat" energy 
distribution profile produced a more uniform HAZ than that of the Gaussian beam. 
They developed an approximate solution to the temperature distribution equation and 
calculated the surface temperature distribution caused by scanning a laser beam of 
given processing parameters. This prediction of temperature distribution was 
combined with the kinetic equations for the conversion of pearlite and pro-eutectoid 
ferrite to austenite and subsequently to martensite, was used to predict the 
microstructure after the laser hardening treatment. The hardness was predicted as 
function of depth and process parameters. Based on a number of experimental works, 
a "laser processing diagram" was constructed which showed the influence of the 
[16,181 process variables and metallurgy of the steel on the final product 
11.2.1.2. Effects of Processing Parameters on Mechanical Properties 
In subsequent publications [19-311 , the effects of different processing variables and 
material chemical composition on the mechanical properties, i. e. hardness, wear 
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resistance and fatigue life, and chemical properties, i. e. corrosion resistance, were 
studied. 
The Increase in hardness is attributed to martensite formation during rapid cooling in 
laser hardening. The hardness of martensite increases with increasing carbon content 
in the range of 0.1 to 0.6 % carbon 1191. Depending on the material, hardness values up 
[19] to about 1000 Hv can be achieved to a depth of about 1.5 mm. 
The wear resistance of steel is improved after laser hardening because of the higher 
E20-221 hardness induced by a homogenous martensitic structure on the surface . Whilst 
the improved fatigue life is a result of the compressive residual stress that develops in 
the treated zone owing to the increase in volume associated with martensitic 
transformation [20,23-28]. This compressive stress improves the fatigue life as fatigue 
cracks initiate at the surface and propagate under tensile stresses. Therefore, the 
compressive residual stress must be exceeded before cracks can propagate. 
The steel microstructure is a predominant factor in corrosive behaviour E29-3 13. It has 
been suggested [29-313 that a structure such as martensite has a beneficial effect on the 
steel surfaces susceptible to corrosion compared to that of tempered martensite and 
ferrite-pearlitic microstructures. 
11.2.1.3. Alloying Effects on Mechanical Properties and Final Structure 
The investigation of alloying effects on the final structure and mechanical properties 
of laser hardened components has been mainly concerned with the alloy steels used in 
the automotive industry, such as: Ni, Cr, Mo and Si alloy steels (32-391 . Generally, the 
addition of these alloying elements slows the transformation of austenite to ferrite and 
carbide during the cooling cycle, shifting the "nose" of the Continuous Cooling 
Transformation (CCT) diagram to the right i. e. they act as austenite stabilizers. This 
allows the formation of martensite with lower cooling rates, thus increasing 
hardenability. By using lower laser beam power densities, martensite can be formed to 
a greater depth for alloy steel than plain carbon steel. [31 . 
Besides being austenite stabilizers when present in small concentration, which 
reduces the critical transformation temperature and the eutectoid carbon 
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concentration, the addition of Cr and Mn are also known to stabilize the cementite 
structure [321 . The kinetics of carbide and hence cementite dissolution is controlled 
by 
the diffusion rate of these alloying elements in austenite. The diffusivity of Cr and Mn 
in austenite is several orders of magnitude less than that of carbon. Cr and Mn, 
moreover decrease the activity and hence the diffusivity of carbon in austenite. Thus, 
laser hardening of steel, which is characterised by extremely fast heating and self- 
quenching, containing Cr and other cementite stabilizing elements establishes the 
potential for a hardened zone consisting of surface martensitic structure with an 
underlying layer of mixed structure of partially dissolved carbide in a matrix of 
[321 inhomogeneous low carbon martensite 
11.2.1.4. Absorbent Coating 
It is generally recognised that surface finish and absorbing coatings on the workpiece 
surface are important factors in absorption of the laser beam and subsequent 
conversion to heat [40441 . The absorption of steel largely depends on conductive 
absorption by free electrons [31 . Since steel is completely opaque and 
hence an 
efficient reflector of light, some absorbent coatings are almost always used during 
laser hardening. The most commonly used coatings include colloidal graphite, 
manganese phosphate, zinc-phosphate, mixtures of sodium and potassium silicate and 
black paint. However, the exact absorptivity of any these coatings are a matter of 
debate. In addition, the use of coating adds several steps to the heat treating process. It 
must be prepared, applied and removed. Since coating greatly affects the coupling 
energy to the work, the thickness and condition must be tightly controlled. 
Comprehensive study on absorbent coating was carried out by Woo and Cho 144]. A 
research was carried out to predict the absorption characteristics of laser beams for 
wide range of coating thickness and other processing parameters. They determined the 
absorptivity by ratio of the heat absorbed in the workpiece and the heat of the laser 
beam irradiated on the workpiece. It, was found that the optimal range of coating 
thickness producing absorptivity become thinner as the laser beam traverse velocity 
increases. Additionally, at a high travel velocity (0-7 m/min) the difference in 
absorptivity according to variations in laser power is very small. 
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H. 2.2. Heat Cycle Process during Laser Hardening 
In laser hardening, the cooling rate in the treated zone is usually in excess of 103 OC/S 
[3,4,7,81 
. Therefore, most steels self-quench to 
form martensite structures. The 
composition of austenite during the heating cycle of laser hardening directly 
determines the formation and shape of martensite and hence, the properties of the 
workpiece after cooling. Thus, the austenitizing process during heating cycle is more 
critical than austenite decomposition at cooling stage. However, in contrast to the 
abundance of research on the kinetics and mechanism of austenite decomposition, the 
study of austenite formation during heating has been studied by far fewer researchers. 
In conventional heating treatment, steel is heated with a relatively slow heating rate 
through a furnace based heat treatment. In this case, the Iron-Carbon Equilibrium 
Phase diagram is unquestionably of fundamental importance to the heat-treatment 
process. The whole process is guided using this phase diagram. And the final structure 
after cooling can be predicted from the CCT diagrams. However, as laser hardening 
thermal cycles are very rapid, the phase transformation occurs under condition far 
from equilibrium. The phase transformation temperature elevates. Hence, the method 
of using these diagrams to guide the hardening process is not valid in laser hardening. 
11.2.2.1. Effects of Prior Microstructure on the Austenite Formation 
Earlier studies on the rapid heating and cooling of carbon steels [45-491 noted that the 
prior microstructure has a considerable influence on the manner and kinetics of 
austenite formation and subsequently the final microstructure. However, there is much 
conflicting data as Digges & Rosenberg [501 showed that there were no consistent 
effects of heating rate and prior structure on the austenite grain size that hold for all 
steels and all temperatures. Recent works and investigations have confirmed the 
significant effects of the prior structure. 
Several researchers have studied the transformation of ferrite to austenite at rapid 
heating rate (46,48,511 . Speich et al., reported that the starting temperature of the ferrite 
(cc) to austenite (y) transformation is insensitive to heating rate [451 . The transformation 
of cc --> y mainly involved an arrangement of Fe atoms and the solubility of C atoms 
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in Fe from BCC (basic centre cubic) to FCC (face centre cubic) crystal structure. The 
transformation of (x -> y does not involve long range carbon diffusion, or it can be 
termed a diffusionless transformation. This transformation of a4y starts at AC3 
temperature i. e. upper critical temperature (about 910 'Q and completes in order of 
ms. Nucleation of y occurs at the (x-(x grain boundaries. The y grows in direction from 
(x-oc grain boundary toward a grain. The (x 4y4 (x transformation cycle results in a 
significant refinement of the ferrite grain size. This can be attributed to the formation 
of many austenite nuclei from one ferrite grain on heating followed by the 
transformation of these austenite grains to many ferrite grains on quenching. 
The formation of austenite from spheroid carbide prior microstructure has been 
investigated by Speich, et al E451, Molinder 1521 and Judd & Paxton 1533 . They 
found that 
in spheroid microstructure, all the carbides are located at (x/(x grain boundaries. The 
austenite nucleates at the junction between a carbide particle and two a grains, where 
the surface free energy is greatest. Growth of the austenite across the cV(x grain 
boundary then takes place, continuing until the carbide is completely enveloped. 
Further growth of austenite occurs by carbon diffusing through the austenite envelope 
from the dissolving carbide. This continues until either the carbide is completely 
dissolved or the austenite achieves its equilibrium carbon content, depending on the 
carbon content and dissolution temperature. 
Speich et al. [463 and Robert & Mehl [541 , have studied the formation of austenite from 
pearlite. Nucleation of austenite in pearlite takes place at pearlite colony intersections. 
Growth of austenite is controlled by the rate of carbon diffusion from carbide to 
austenite. Furthermore, interlamellar spacing of the pearlite strongly influences the 
rate of carbide dissolution. For greater pearlite spacing, the austenite growth is faster 
than the carbide dissolution. So, when austenitisation is complete, lamellar carbides 
remain. These remaining carbides have been reported as 'pearlite ghost' by Baeyertz 
[551 These carbides might eventually dissolve or spheroidise depending on the carbon 
content and temperature. 
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11.2.2.2. Effects of Alloying Elements on the Austenite Formation 
Effects of alloying elements on the austenite formation mechanism were reported by 
Bradley & KiM [321. Cr and Mn decrease the activity, and hence the diffusivity, of 
carbon in austenite. The dissolution of carbide in these alloy steels is controlled by the 
rate of Cr (or Mn) diffusion in austenite. From previous investigations, Bowen & Leak 
[561 found that the diffusivity of Cr and Mn in austenite is substantially less than that of 
carbon. Therefore, it is concluded that laser hardening of steel containing Cr or other 
strong carbide solutes, establishes the potential for hardened zone consisting of 
martensite with layers of partially dissolved carbides. 
11.2.2.3. Elevation of Transformation Temperature 
The austenitizing temperatures of conventional hardening, Ael (lower critical 
temperature i. e. temperature at which the austenite starts to forrn in equilibrium 
condition) and Ae3 (upper critical temperature i. e. temperature at which the austenite 
transformation is complete in equilibrium condition), are chosen according to the 
equilibrium phase diagram. However, rapid thermal cycle produced by laser heating 
increases these temperatures. Consequently, in this case conventional predictive 
methods cannot be used. 
The effect of heating rate and prior structure on the elevation of the critical 
[471 
temperatures for medium carbon steel has been investigated by Albutt & Garber 
Feuerstein & Smith [48] and recently by Ion, et al E5 81 . The Ac, temperature increases 
linearly with loglo of heating rate [471 . This is because nucleation is a time-dependent 
phenomenon and the kinetics of this nucleation is based upon some logarithmic 
function [471 . Furthennore, the elevation of Ac, temperature with 
heating rate is quite 
insensitive to carbide distribution and carbon content [451 . This is reasonable because 
Acl is simply the temperature at which the nuclei begins to grow and is quite 
independent of the number of nuclei formed and the rate at which transformation 
proceeds, factors which would be expected to be structure sensitive. 
At moderate heating rates up to 300 OC/s, the AC3 temperature rises linearly with logio 
of heating rate as exhibited by Ac, temperature E473. However, this elevation is 
structure sensitive. The AC3 temperature is higher with coarse carbides than with fine 
carbide or pearlite as a prior structure for a given heating rate [473 . This is because the 
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rate at which the austenite temperature transformation proceeds must depend upon the 
rate at which carbon can be made available in the surrounding ferrite matrix which is 
affected by the carbide geometry and distribution. 
At heating rates in excess of 300 'C/s, the linear increase of the AC3 temperature with 
logio of heating rate is no longer observed and the completion of austenite 
transformation occurs at progressively lower temperature until a constant 
transformation temperature of about 910 OC is reached [471 . During austenite 
transformation at high heating rate (>300 OC/s), only the proportion of a next to 
carbide is added with carbon up to solubility limit. The remaining "carbon-free" 
ferrite transforms to austenite by a diffusionless mechanism. At even faster heating 
rates, the proportion of austenite created by the diffusionless mechanism increases and 
hence, lowering the AC3 temperature until finally the carbon has insufficient time to 
diffuse from the carbide and all the pearlite transforms to austenite by the 
diffusionless mechanism. Therefore, the insufficient time at high heating rate for the 
carbide dissolution accounts for this decreasing AC3 temperature since the pearlite 
transforms as a carbon free iron 
In addition to those results above, Bach [571 reported for low carbon steel that the Ac, 
temperature increases and converges to 790 'C and the AC3 temperature increases to 
910 OC as the heating rate increases above 1000 'C/s. 
In conclusion, the austenite transformation temperature varies according to the 
heating rate, carbon content, prior microstructure and kind and amount of alloying 
metals. 
11.2.3. Challenges of Laser Hardening 
Traditional laser hardening does have some drawbacks. The rapid heating-cooling 
cycle makes treatment of steels with coarser carbide sizes unfavorable since a longer 
austenitization time is required for complete carbon diffusion [8,161 . Another problem is 
associated with treating larger areas as overlapping hardening passes are required E8 '59- 
613. Transverse heat flow from moving laser beam causes back tempering effect on the 
previous hardened passes resulting in a non-uniform surface microstructure and 
hence, hardening profile. Process optimization has been limited as the laser heat 
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source profile and so the temperature distribution in the work-piece, cannot normally 
be sufficiently controlled. 
11.3. Beam Shaping Techniques 
11.3.1. General Review on Beam Shaping Techniques 
The laser beam intensity distribution must be controlled in order to fully optimise the 
laser hardening process. Some of the methods that are currently being used to produce 
different beam intensity profile included [3,81: 
" Kaleidoscope Integrator, shown in figure 11.2, is the oldest method used to shape 
beam intensity profile for laser material processing. It consists of an optically 
polished inside hollow tube, typically square or rectangular in shape. The raw 
input beam enters at the one end of the square hollow tube, reflects several times 
inside the tube wall, then produces a square and rectangular image with relatively 
uniform intensity profile on the exit of the tube. The output beam can often be re- 
sized with conventional optics. 
" Segmented Mirror Integrator, shown in figure 11.3, uses a segmented mosaic array 
of square optics focused on the same focal plane. This system-has become popular 
to convert any spatial beam distribution into a certain intensity beam profile 
(usually uniform beam) of the required size. 
" Two orthogonal mirrors, shown in figure IIA, to produce a raster rectangular 
pattern. In this system, the desired pattern is achieved by vibrated two mirrors at a 
very high frequency to scan of a finely focused beam. Extremes surface 
temperature is avoided by using very rapid traverse speed. 
" Axicon lens system, shown in figure 11.5, consists of a solid lens with a spherical 
and conical surface. The spherical surface focuses a parallel beam and the conical 
surface produces a doughnut shape profile. However, the range of energy density 
possibilities is limited. 
Although these methods have demonstrated good technical results, the complex 
refractive and reflective optical arrangements mean that they suffer relatively large 
losses of radiant power (20-30%) from absorption effects [31 . Most of the optical 
arrangements produce a uniform beam intensity profile. The uniform beam intensity 
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profile does not generate the uniform temperature distribution on the workpiece 
required for uniform surface hardening profile. 
11.3.2. Diffractive Optical Element (DOE) 
An alternative optical approach of beam shaping method is by applying a diffractive 
optical technique known as a Diffractive Optical Element - DOE 
[62,631 This is a 
mirror with a computer generated pattern on the surface (figure 11.4). The DOE 
diffracts, rather than refracts or reflects, the intensity profile of the incident beam into 
a specified intensity profile. 
The diffractive surface of a beam shaping element is split into an array of cells (figure 
11.5), each positioned to shift the phase of the coherent illuminating beam by specified 
amount. The required phase change of each cell is obtained by accurately producing a 
sub-wavelength depth profile. Upon reflection, each cell is considered to be emitting a 
spherical wave-front with specified phase retardation. These diffracted wave-fronts 
interfere in the reconstruction plane, i. e. workpiece surface, to produce the required 
intensity profile 162,633 .A computer generated algorithms is used to calculate the 
diffraction patterns. Then incorporate the profile of the illumination laser beam in 
order to achieve the optimum reconstruction performance. A measured intensity 
profile can be inputted or a mathematical description of the beam shape may be used. 
The beam shaping mechanism using DOE is shown in figure 11.8. 
The DOE does not diffract the whole power of the initial raw beam into the 
customised beam, i. e. beam after the DOE. The ratio of the amount of optical power 
in the customised beam to the total optical power in the initial beam is known as the 
diffraction efficiency of the DOE. The lost energy is absorbed by the DOE dissipated 
as a heat. Some researchers [62-671 have investigated the calculation and design of more 
efficient and varied DOE. However, the application of DOE for process control 
during laser material processing, particularly in surface treatment, has not been fully 
explored yet. 
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11.4. Theoretical Work of Temperature Distribution in the 
Workpiece 
11.4.1. General Equation of Heat Conduction 
Since laser surface hardening process causes very complicated physical and 
metallurgical changes in the material treated, it is a very large task to develop an exact 
mathematical model for this process. This problem becomes complex since it is 
required to cope with: physical and metallurgical properties of materials, temperature 
dependent thermal material properties, laser beam properties, heat transfer rates, etc. 
Therefore, many analytical models have been developed under ma or simplifying 
assumptions such as: no surface heat loss due to convection or radiation, constant 
material thermal properties with temperature and constant surface absorptivity. 
As the hardening process is primarily dependent on temperature control in the 
workpiece, the models initially calculate the temperature distribution. When heat is 
applied to the surface of a solid, the temperature distribution within it must satisfy the 
general heat conduction equation as following 
[3,8,681 
aT 
p(T) - c(T) - Tt = V(k(T)VT) 
Where: 
ai+aj+a 
ax ay az 
eq. [H. 1] 
If the material properties (p, c and k) are assumed to be constant with 
temperature and position, equation [11.1 ] can be simplified as: 
DT a2 D2 D2 
+-+2 )T eq. [H. 2] at ax 2 ý7' z 
Where: 
k 
= thermal diffusivity 
P. c 
Equation [II. 1] is known as the general equation of heat conduction in a solid 
(Fourier's 2 nd law). Analytical solutions to different heat sources and workpiece 
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geometries have been deduced from this equation using Green functions, Fourier 
[3.81 transformations, error functions and other methods 
11.4.2. Analytical Methods 
Early work in analytical solution of temperature distribution in the workpiece was 
carried out by Rosenthal [691 . He proposed the theory of moving heat source and its 
application to metal treatments in particular welding of steels. The appropriates 
solutions were derived for linear, two and three dimensional temperature distribution 
in solids of infinite, semi infinite or bounded by planes. Point, linear and plane heat 
sources were examined. The solutions obtained were then applied to the metal 
treatment problem, i. e. welding, which were in good agreement with experimental 
results. The assumptions of the solutions were made as follows: constant material 
properties with the temperature, constant heat source velocity and rate of heat input 
and heat losses through the surface to surrounding atmosphere was neglected. 
The most interesting finding of this theory is the derivation of a single equation 
capable of predicting the temperature distribution with fairly good accuracy for a wide 
variety of steel thickness and ranges of temperature. The equation is as followed [691: 
a2 T D2 T a2 T2 
ax 2' ay 2' 
TZ2 = (2(x - v) .T eq. [][I. 3] 
Equation [11.3] is derived from equation [H. 1] by considering that the heat moves with 
a constant velocity along the x-axis and in the quasi-stationary state. The quasi- 
stationary state is reached if a heat source is performed over a sufficient length and in 
one condition there is no change in temperature distribution over time around the heat 
source ( 
aT 
= 0). at 
Equation [11.3] provides solutions for an infinite and semi-infinite workpiece as 
shown bellow: 
For linear heat flow (c. L a plane source on infinite rod) where ODT - 
ODT 
=0 and ay Dz 
the boundary condition is 
aT 
=0 for x= oo, the solution is: ax 
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(_ 
V. X 
) 
T-To= qý e (x 
C. ps 
Where: q" = rate of heat per unit section 
eq. [H. 4] 
For two dimensional heat flow (c. L linear source on thin plate) where 
dr 
=0 and az 
O: Ir aT the boundary condition. we. Ofor x= oo and -=0 for y =oo, the solution ax ay 
is: 
V. X 
qv - v. r T-To -e 2a Ko. (=-) eq. [][I. 5] 2n. k 2oc 
Where: q' =rate of heat per unit length 
Ko. (2a. v. r) = modified Bessel function of second kind and zero 
zero order 
r= 
V-(x 2 -+y 2) 
9 For three dimensional heat flow (c. f. point source on thick plate) with the 
OýIlr O')T O')T boundary conditions are: -=0 for x= oo, -=0 for y =oo and -=0, the for ax ay az 
z =oo, the solution is: 
V. X) (- 
v. R 
q 2a e 
2cc 
T-To -e 4n. k R 
Where: q =rate of heat 
R= 
J(X-2 
+ Y2 + Z2) 
eq. [111.6] 
Carslaw & Jaeger [701 published a collection of heat conduction equations for a greater 
variety of conditions and applications. 
Since then, many analytical models have been published and successfully correlated 
to experimental results [ 16-18,32-36,5 8,71-891 . They are mostly generated based on the 
fundamental solutions suggested by Rosenthal and Carslaw & Jaeger and modified to 
suit the particular case. 
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Cline and Anthony [711 conducted one of the first thermal analyses of laser hardening 
applying a moving Gaussian heat source to determine both temperature distribution 
and cooling rate over a large range condition from simple heat treating to deep 
penetration welding. The temperature distribution solution was derived based on the 
heat flow equation of: 
DT 
_ (X. v 
2. T 
Q 
eq. [H. 7] at c 
Where Q is the power absorbed per unit volume which is then replaced by the 
normalized moving Gaussian beam in the form of. 
Q P. el-[(x-v-t) 
2+y2]. (2R2 )-1 1. h(z) 
eq. [H. 8] 
-- 1) 21r. R' n 
Where R is the radius of laser beam, n is the absorption depth and h(z)=l for O<z<n 
and h(z)=O for z>n. In order to solve the above equation for the temperature, Green 
function method was used. Then the resulted equation was simplified by transforming 
it to dimensionless variables to give the solution for temperature distribution in a 
semi-infinite geometry: 
T(x, y, z) = P. (c. oc. R)-1. f (x, y, z, v) eq. [11.9] 
Where the distribution function f is defined as: 
f=e 
(-H) 
(27c 3) 1/2. (, + A2)ý 
and 1A is a dimensionless variable. 
eq. [H. 10] 
The thermal distribution analysis was carried out also for laser melting and deep 
penetration welding. After conducting the thermal analysis over a range of conditions, 
several points were noted. As the beam velocity increases, the maximum temperature 
decreased and shifted behind the centre of moving heat source. The analysis also 
showed that the beam size has a strong influence on the maximum temperature 
attained as well as on the maximum of deep penetration. 
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Another milestone was achieved by Ashby and Easteling [161 and Li, et. al E171 Laser 
hardening experiments on hypo and hyper - eutectoid steel using Gaussian and top hat 
heat source profile and different processing parameters, i. e. laser power, beam size 
and beam velocity, were conducted. The temperature field equation for moving 
Gaussian heat source was developed based on the differential equation of heat flow 
(equation [II. 1]). Several considerations were made in order to generate a proper 
solution to this heat flow equation [411 . One of the considerations is: if the velocity of 
the beam is high, the Gaussian heat source can be treated as a line source of finite 
width in y direction but infinitesimally thin in the x direction, etc. The analytical 
solution for the temperature distribution T(y, z, t) of moving Gaussian heat source is 
well approximated by: 
1( Z2 y2 
T-To= 
A. q/v 
e 
4cc t t+to 
21r - k[t - (t + to)]0.5 
Where: to = 
r2 B 
and rB is the beam radius 
4(x 
eq. [H. 11] 
This simple analytical equation of temperature distribution has been used extensively 
to direct experiments and to facilitate the comparison between analytical solution and 
[32-35,37,58,72-761 
experimental results in subsequent research 
Davis et A (801 used also the equation of heat conduction to study the temperature 
distribution produced in a workpiece by a single scan of laser having Gaussian 
intensity distribution and hence, obtained the solution for the depth of hardening They 
found that the depth of hardening was deten-nined primarily by the thermal 
conductivity near AC3 temperature, whereas the total power absorbed was governed 
by integral of the specific heat. This suggested that the variation of the specific heat 
with temperature was more important that that of thermal conductivity in determining 
the depth of hardening. They considered the condition for hardening to occur, namely: 
the material must reach the AC3 temperature, it must remain above this temperature 
for sufficient time for carbon diffusion to take place, and it must then be quenched 
rapidly in a relatively short period. The solution for the depth of hardening was given 
by [801 : 
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[CC-c- +n0.25 (, )1-1 
qq 
Where: d depth of hardening 
D beam diamater 
q dimensionless measure of power absorbed 
a Peclet number of motion = (v. a. p. c)/k 
v= beam traverse velocity 
a= D/2 
p= density of material 
c= specific heat capacity 
k= thermal conductivity 
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eq. [H. 12] 
c. = ratio of the specific heat value used to its value at AC3 temperature 
(for En 8 steel = 1.599) 
Woo and Cho 1441 introduced an analytical solution to predict transient temperature 
distribution, i. e. the temperature distribution varies with time, in a finite thickness 
plate heated by heat source having uniform rectangular intensity distribution. This 
solution was obtained by solving a transient three-dimensional heat conduction 
equation with convection boundary conditions at the workpiece surface. To account 
for the flow of the shielding gas, a forced convection boundary condition was 
assumed at the top surface while a natural convection condition was assumed at the 
bottom surface. 
Komanduri and Hou [77,783 developed a analytical solution for temperature rise 
distribution based on Jaeger's classical moving heat source method 1701 to solve both 
transient and quasi steady-state for laser hardening using a moving disk shaped heat 
source with Gaussian intensity distribution. It gave a relationship between the process 
parameters, i. e. laser power, beam diameter and traverse velocity, relative to the 
workpiece and the various temperature of interest. The temperature at any point on the 
surface including close to the heat source and also with variation in depth can also be 
determined. By analysing the temperature distribution, the variation of temperature 
from transient to steady-state condition can be plotted and so the time required to 
reach the steady-state condition can be determined. 
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The thermal properties of workpiece are a strong function of temperature. However, 
in an analytical heat flow model, they usually set to be constant. Although there's an 
theoretical error when comparing the predicted results with experimental results; It 
was found [77,781 that the errors would be minimised as long as the thermal properties 
are taken close to the transformation temperature (Aci temperature) as the case may 
not be at room temperature. Latest research found the error would be <5 - 10 % as 
long as the thermal properties is taken close to Ac, temperature. Significant errors 
were found by using the room temperature thermal properties value. 
Analytical models are well established but lack of flexibility in specific source 
distribution. Numerical models, however, remove many of the limitations. For 
example, the heat source could be shaped in different intensity profile. In addition, 
temperature-dependent thermal properties of workpiece may be considered. 
Numerical models are often based on the finite difference model or finite element 
methods as there offer great flexibility. Recently, many researchers have offered 
numerical models to predict the heat flow in the workpiece during laser surface 
treatment [43,60,61,90-1101 . However, the numerical methods 
have some drawbacks. One 
of them is on the complexity of the solution. Thus, it requires large computational 
resources and can be time consuming. 
11.4.3. Numerical Methods 
Mazumdar and Steen 1911 developed a three dimensional heat transfer model with a 
circular shaped moving heat source - Gaussian heat intensity profile using finite 
different numerical technique. This numerical model is capable to calculate the 
fusion, the heat affected zone and thermal cycles around the laser beam - workpiece 
surface interaction. Then, based on those calculations, other condition such as the 
maximum weld speed as a function of laser power could be predicted. The model 
considers surface heat losses on the upper and lower surface of a slab of finite 
thickness and width but infinite length. The formation of "keyhole" is also allowed 
which is acted as "a black body", i. e. beam reflectivity is considered to be zero at any 
point where temperature exceeds boiling point. Other assumptions included: quasi- 
steady state, material thermal properties are independent with temperature, no latent 
heat effects or chemical reaction within workpiece, convective heat losses due to 
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shielding gas flow and the radiation penetrating the workpiece is absorbed according 
[91] to Beer Lambert's law 
Steady state three dimensional model was developed by Kou, Sun, and Le E433 using 
finite difference method while considering the surface heat loss, the temperature 
dependence of surface absorptivity and temperature dependence of thermal properties 
was considered This heat flow model was verified with analytical solution of Jaeger 
[691 and was used to provide general heat flow information. 
Ohmura et al. [92,931 developed a finite element computer model to analyse the heat 
flow, the carbon re-distribution in austenite and the subsequent quenching to 
martensite, so as to predict the microstructure and the hardness in the HAZ during 
laser hardening of hypo-eutectoid steel. The volume fraction of the structural 
constituents, the latent heat during the phase transformation and temperature 
dependence of thermal properties were introduced during the calculation. 
11.4.3. Analytical Method at Loughborough University 
The analytical model developed at Loughborough University [841 simulates three 
dimensional heat conduction from a moving complex heat source [691 by a continuous 
distribution of point source. The resultant temperature field is suggested by summing 
the individual point source contributions. However, the resultant temperature field for 
a complex shape heat source generated by the DOE optics has to be obtained using 
numerical integration. Hence, modem mathematical software is used to make this 
complex numerical integration. The main output is a three dimensional temperature 
field map. In addition, temperature vs position and temperature vs time relationships 
can be calculated and used to predict the resulted microstructure. The assumptions of 
this model include: constant material properties with temperature, no heat losses by 
radiation or convection and no latent heat affects. 
11-5. Chapter Summary 
Surface hardening is required for many automotive applications such as gear teeth, 
crank shaft and bearing surface which need to have a combination of hard case and 
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tough core during their performance. A wide variety of methods of surface hardening 
have been developed. They can be divided in to : (a) whole part diffusion method i. e. 
carburizing, carbonitriding, nitriding and nitrocarburizing, and (b) selective 
hardening, i. e. induction, flame, e-beam and laser hardening. 
Laser hardening competes well with other established surface hardening methods. It 
major advantages over other methods is the ability of laser beam to be easily 
concentrated to a specific localized area, so minimise the heat input to the workpiece 
resulting in low distortion. In fact, the process is only cost effective for localized 
hardening application. Other methods can be more efficient for hardening large 
surface area. 
The process optimisation of laser hardening methods has been limited as the laser 
beam intensity profile and so the temperature distribution in the workpiece cannot be 
sufficiently controlled. Several beam shaping methods has been developed such as: 
kaleidoscope integrator, segmented mirror integrator, two axis scanning system, and 
Axicon lens. These methods have produced a good technical result. However, its 
reflective and refractive optical arrangement leads to inefficient energy distribution. 
In addition, the resulted uniform beam intensity profile does not generate uniform 
temperature distribution. However, with the development of the DOE in the shape of 
computer generated holographic diffraction elements, the laser beam intensity profile 
could be controlled and obtain more ideal temperature in the workpiece offering 
improved processing. 
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11.7. Figures 
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T: 845 - 900 T 
Nitriding 
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Nitrocarburizing 
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into steel surface 
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Induction hardening 
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T: AC3 - melting point 
Flame hardening 
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to heat the surface 
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E-beam hardening 
Applies electron beam 
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Laser hardening 
Applies laser beam 
to heat the surface 
T: AC3 - melting point 
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Figure 11.1. Summary of different surface hardening methods 
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Methodology 
The laser surface treatment process could be improved if the ideal temperature 
distribution in the workpiece is achieved by custornising the laser heat source profile. 
A general methodology for optimising the laser surface treatment by custornising the 
heat source profile is summarised in a flow chart displayed in figure III. I. The steps 
are: 
1. Identify the surface properties and so the microstructure to be achieved, 
2. Determine the temperature field required to obtain the microstructure, 
3. Design the heat profile needed to produce the desired temperature field, 
4. Apply the customised heat source. 
111.1. Microstructural Work 
This section covers steps I and 2 of the methodology. 
1. Identify the surface properties and so the microstructure to be achieved, 
2. Determine the temperature field required to obtain the microstructure, 
3. Design the heat profile needed to produce the desired temperature field, 
4. Apply the custornised heat source. 
111.1.1. Analysis of Materials 
The materials used in this project were: BS 080A40 carbon steel, BS 817M40 low 
alloy steel and BS grade 250 pearlitic grey cast iron with the chemical composition is 
listed in table 111.1. 
BS 080A40 Carbon Steel 
Overview of BS 080A40 Carbon Steel 
The BS 080A40 carbon steel has a medium (0.40 %) carbon content. It is a general 
purpose steel, medium-carbon fine grain machinery steel. It is hardenable by heat 
treatment, quench and tempering to develop higher tensile strength. This steel is 
suitable for applications of forging, cold drawing, machining, heat treating with 
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Table 111.1. Chemical composition of the BS 080A40 carbon steel, the BS 817M40 low 
alloy steel and the BS grade 250 cast iron used in the laser surface treatment experiment 
Material C Ni Cr MO Mn Si p S 
BS 080A40 carbon 
steel: 
as-received 1 0.40 0.70 0.18 0.005 0.002 
as-received 2 0.41 0.74 0.21 0.008 0.026 
BS 817M40 low alloy 0.41 1.32 1.12 0.25 0.56 0.26 0.023 0.027 
steel 
BS grade 250 cast 3.16 - - - 0.57 2.37 0.15 0.06 iron 
typical applications includes: axles, bolts and nuts, crankshafts, machinery parts, 
lightly stressed gears, connecting rods [1,21 . Its microstructure consists of pearlite with 
pro-eutectoid ferrite (figure 111.2). It has a simple microstructure and the solid phase 
transformations during heating are easy to understand. Therefore, this steel was 
selected for initial experiments of laser treatment to study the heat flow resulted from 
using different heat source profiles and to examine the carbon diffusion for various 
diffusion distances and to minimise the back tempering effect on the first pass during 
multipass hardening experiment. 
111.1.1.1.2. Rapid Heating of BS 080A40 Carbon Steel 
[3,4,51 
The pearlite to austenite phase transformation occurs when the steel is rapidly heated 
above the Acl temperature, i. e. 790 'C. At this temperature, the pearlite structure 
transforms to austenite through the dissolution of its colony controlled by diffusion of 
carbon out of the cementite to the adjacent ferrite. The structure at 790 OC - 910 'C 
contains of austenite and pro-eutectoid ferrite. As the temperature crosses above the 
AC3 temperature, i. e. 910 'C, all of pro-eutectoid ferrite transforms to austenite by 
diffusionless transformation. Subsequently, the austenite homogenisation happens 
through the diffusion of carbon from high to low concentration regions. Upon rapid 
cooling, i. e. > 58 'C/s, the final structure is martensite. 
111.1.1.2. BS 817M40 Low Alloy Steel 
111.1.1.2.1. Overview of BS 817M40 Low Alloy Steel 
The BS 817M40 low alloy steel is a heat treatable, low alloy steel containing nickel, 
chromium and molybdenum. It is tough and capable of developing high strength in 
the heat treated condition while retaining good fatigue strength. Typical applications 
A-Trfmartomo Chapter III 
are for structural use, such as aircraft landing gear, power transmission gears and 
[6,71 
shafts and other structural parts 
The BS 817M40 low alloy steel was received in hardened condition (T code). It had 
been oil quenched from 855 'C then tempered at 230 'C for 4 hours before receipt. 
The microstructure consists of fine tempered martensite with some free ferrite and 
spheroidised carbide particles (figure 111.3). The BS 817M40 low alloy steel was used 
to study the addition of alloying elements on heat flow and diffusion during laser 
heating process. 
111.1.1.2.2. Rapid Heating of BS 817M40 Low Alloy Steel 
[4,8,9,101 
Martensite is a supersaturated solid solution of carbon in body centred tetragonal 
(BCT) structure. This is a metastable condition, and as energy is applied by heating, 
through laser heating process, the carbon is precipitated as carbide and the iron 
becomes body centred cubic (BCQ structure. During rapid heating of 817M40 steel, 
several overlapping stages occur. 
When the BS 817M40 low alloy steel is rapidly heated up to 250 'C, the original 
martensite begins to lose its tetragonal crystal structure by formation of hexagonal 
close packed transition carbides (e-carbides) and low carbon martensite. The whole 
structure etches dark and is known as black martensite. 
In the temperature range of 230 - 480 'C the F. -carbide changes to orthorhombic 
cementite (Fe3Q. Low carbon martensite loses its tetragonal structure and becomes 
BCC ferrite. The entire structure contains ferrite and cementite called troostite. 
The nucleation of alloy carbides (chromium carbide and molybdenum carbide) starts 
between 500 - 600 'C. The nuclei form at the interface between cementite particles 
and ferrite. As the alloy carbides grow, carbon is provided by the adjacent cementite 
which gradually diffuses out until gone at about 650 'C. 
As the heating temperature across the Acl, 700 'C, ferrite adjacent to the carbides is 
enriched with carbon from carbide. The remaining carbon free ferrite transforms to 
austenite by the diffusionless transformation. Austenite nucleates at the intersection 
A-Trfmartomo Chap ter III 
between alloy carbide particles and ferrite grains where more surface free energy is 
available than at other sites. Then, the austenite grows until it completely envelopes 
the carbide. Once this occurs, further growth of austenite takes place by carbon 
diffusing through the austenite envelope from the dissolving carbide to the advancing 
ferrite/austenite boundary. The austenite homogenisation process from higher carbon 
austenite to free carbon austenite occurs simultaneously. The dissolution of carbide 
continues until carbide is completely dissolved. 
111.1.1.3. BS Grade 250 Grey Cast Iron 
III. I. I. M. Overview of BS Grade 250 Grey Cast Iron 
The BS grade 250 grey cast iron is a pearlitic cast iron with flakes of graphite shape in 
a pearlite matrix (figure IIIA). It is a low cost engineering material with good ductility 
and toughness but poor hardness and wear resistance. Common applications include 
brake drums, rotors, clutch components, engine blocks, cylinder liners and cylinder 
heads 
111.1.1.3.2. Rapid Heating of BS Grade 250 Grey Cast Iron [12,13,141 
During rapid heating of pearlitic grey cast iron several phase transformations occur. 
When the iron is rapidly heated across the eutectoid temperature (790 'Q, the 
transformation of pearlite to austenite occurs with the same diffusion mechanism as in 
BS 080A40 carbon steel. The structure at this stage is austenite with graphite flakes. 
Heating above the eutectic temperature (1200 'C), graphite flakes dissolve as a molten 
ferrous structure. The structure consists of austenite and liquid solution. At 
temperature above 1300 *C, austenite, dissolves completely and the whole 
rnicrostructure exists as a unifon-n liquid solution of carbon dissolved in liquid iron. 
Rapid solidification begins by the formation of austenite crystal dendrites, followed 
by the development of interdendritic ledeburite (cementite plus austenite) structure. 
The final microstructure consists of primary austenite dendrite with interdendritic 
ledeburite. Its coarseness depends on the solidification rate. 
The summary of rapid heatcycle of BS 080A40 carbon steel, BS 817M40 low alloy 
steel and BS grade 250 grey cast iron is illustrated in figure 111.5. 
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111.1.2. Structural Transformation during Laser Heating 
Diffusion-controlled structural transformations during heating cycle are: [15,161 
" Transformation of pearlite to austenite, 
" Homogenisation of carbon among austenite grains. 
While the diffusionless structural transformations are: [15,161 
" Transformation of pro-eutectoid ferrite to austenite, 
" Transformation of austenite having adequate carbon content to martensite 
during rapid cooling cycle. 
111.1.2.1. Transformation of Pearlite to Austenite during Heating Cycle of BS 
080A40 Carbon Steel 
When BS 080A40 carbon steel is heated to just above Ac, temperature the pearlite 
transforms instantaneously to austenite (in order of ms). Under isothermal conditions, 
the time required for the dissolution of pearlite is dependent on carbon diffusion from 
cementite (Fe3Q to ferrite (a) plate and is given approximately by [151 : 
x 
so: 
t= 
Where: 
-2 -D -t eq. (111.1) 
x2 
2-D 
X= the diffusion distance (spacing of cementite plate), 
D= the diffusion coefficient of carbon in ferrite, 
t= time required to finish the carbon diffusion. 
However, laser hardening is a non isothermal process and diffusivity changes with 
temperature during the thermal cycle. The factor DA should be modified to account 
for the temperature dependence of carbon diffusion coefficient (D) and the time (t) 
dependence of temperature during heating cycle. Therefore, the quantity of D. t is 
replaced by [151: 
_ it12 Do -e 
R -T (t )dt eq. (III. 2) 
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Where: 
Do is diffusion frequency factor 
A is the activation energy for diffusion 
R is gas constant 
T is temperature 
Combining equation (111.1) and (111.2) gives 
[151: 
-A 
X2 = 21)o 
t2e -'ý'T Wdt 
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eq. (III. 3) 
Here, tj and t2 are the times when carbon diffusion starts at Ac, temperature (790 OC) 
and finishes respectively at given point and the temperature at that point T(t) is 
calculated using equation (111.13). 
Figure 111.6 shows the transformation of pearlite to austenite by which the cementite 
plates dissolve during heating. 
111.1.2.2. Hornogenisation of Austenite during Heating Cycle of BS 080A40 
Carbon Steel [15,16,171 
When BS 08OA40 carbon steel is heated above Ac, temperature, austenite grains are 
formed from pearlite colonies. Then, depending on the temperature relative to the AC3 
temperature, part or all of the pro-eutectoid ferrite may transform to austenite too. 
Pearlite becomes austenite containing cý = 0.8 % carbon; the pro-eutectoid ferrite 
becomes austenite with carbon content cf = 0.025 %. When austenite grains with 
varying concentration of carbon are adjacent to each other, carbon diffusion occurs 
from grains with concentration Ce to those grains with concentrations cf. On 
subsequent cooling, austenite with carbon greater than a critical value cc , 
(-0-05 %) 
transform to martensite while the rest reverts back to ferrite. The carbon concentration 
profile in austenite grains during homogenisation is illustrated in figure 111.7. 
The diffusion equation in non steady state condition, where the concentration at some 
points are changing with time, is governed by the Fick's 2 nd law of diffusion [171 . This 
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equation of concentration change over period of time in one dimension (x direction) is 
given by [171 : 
ac D a2C eq. (III. 4) at ax 2 
Where: 
c is concentration of the diffusing substance, 
t is time, x is coordinate chosen (x direction), 
D is diffusion coefficient. 
For the homogenisation of austenite process, the solution of Fick's second law of 
diffusion of an austenite grain with initial carbon concentration Ce joined to an 
austenite grain with carbon content cf. is in the fonn 
[15,16,171 
: 
C(X, t) = 
Ce + Cf- Ce - cf 
- erf 2D- t) 
(2 
VF(ý' 
Where: 
c(x, t) cf. c. (0.05 %), 
X is the diffusion distance (average diameter of austenite grains), 
D is diffusion coefficient of carbon in austenite 
t is time taken for homogenisation. 
eq. (HI. 5) 
111.1.2.3. Alloy Carbides Dissolution during Heating of BS 817M40 Low Alloy 
Steel 115,18, 
When BS 817M40 low alloy steel is heated to just above Acl temperature, austenite 
starts to nucleate and grows until it completely envelopes the alloy carbide (figure 
111.8). The kinetic dissolution of alloy carbides (Cr and Mo) is controlled by the rate 
of Cr and Mo diffusion in austenite. The time required for alloy carbide to completely 
dissolve is formulated using equation (111.3). 
111.1.3. Identifying Surface Properties, Microstructure and the Required Heat 
Flow 
The aim of each experiment was to produce a homogenous hardening profile. This 
was achieved through a uniform martensitic structure (BS 080A40 and BS 817M40) 
and a fine re-solidified layer of austenite dendrite and interdendritic ledeburite (BS 
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grade 250 grey cast iron) at the surface layer. In addition, an almost rectangular HAZ 
is proposed. 
For laser hardening of steel, in order to obtain a uniform hardening profile and so a 
homogenous martensitic structure, the workpiece surface is heated above the AC3 - 
upper critical temperature, and held within the full austenitic temperature range i. e. 
between AC3 and melting point, long enough (order of seconds depending on the 
initial pro-eutectoid ferrite grain size) to allow the homogenisation of austenite. On 
[151 rapid cooling, this produces a uniform martensitic structure 
To achieve a fine re-solidified layer of austenite dendrite and interdendritic ledeburite 
during laser surface heating of cast iron, the workpiece is heated above the eutectic 
temperature (melting point) then immediately cooled down to avoid coarsening of 
[131 austenite dendrite. Upon rapid solidification, this structure is formed 
To produce a more rectangular HAZ, the workpiece needs to be heated above AC3 
temperature (carbon and low alloy steel) or eutectoid point (grey cast iron) uniformly 
across the beam direction, i. e. isotherm parallel to the surface, to obtain a 
homogenous structure of martensite (carbon and low alloy steel) or a mixed of 
austenite dendrite and interdendritic ledeburite (grey cast iron). 
111.2. Theoretical Work 
This section explains stage 3 of the methodology. 
1. Identify the surface properties and so the microstructure to be achieved, 
2. Determine the temperature field required to obtain the rnicrostructure, 
I Design the heat profile needed to produce the desired temperature field, 
4. Apply the customised heat source. 
111.2.1. Heat Source Design 
Two controlled heat sources were used: 
0A raw beam with a near Gaussian profile of 4 mm diameter, 
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A traditionally shaped "top hat" profile with 4x4 mm. square beam geometry, 
[19] such as may be obtained using a beam kaleidoscope integrator 
Customised heat source profiles were designed in accordance with the methodology 
with profiling in the "longitudinal" direction (customised longitudinal - "CU) and 
"longitudinal and transverse" directions (customised longitudinal and transverse - 
"CLT") with the same laser beam external geometry as the "top hat" for direct 
comparison. In addition, the customised longitudinal and transverse for treatment of 
cast iron ("CLM") heat source profile was designed with dimension of 4x1 mm 
rectangular beam to produce higher power density. 
A rectangular beam shape is preferable to the circular one in terms of controlling the 
temperature field since the desired temperature field is rectangular. Customising 
profile in the longitudinal direction enables control of the heatcycle in the irradiated 
zone as the laser beam passes over a point allowing study of the diffusion process. 
While customising profile in the transverse direction verifies the temperature 
distribution across the illuminated area allowing cross section hardened area to be 
controlled and result in more rectangular HAZ. 
A uniform hardening profile and hence, a homogenous martensitic structure (BS 
080A40 and BS 817M40) can be achieved by having heat source profile which is 
higher intensity in the front to raise the heat above AC3 temperature then gradually 
decrease along the beam direction to keep temperature above AC3 allowing full 
homogenisation of austenite which upon rapid cooling produced a homogenous 
martensitic structure. 
A mixed of austenite dendrite and interdendritic ledeburite structure (BS grade 250 
grey cast iron) can be obtained by having a higher intensity front to the heat source 
profile to raise the temperature rapidly above the melting point then immediately 
reduce in the longitudinal direction, i. e. along beam direction to cool the temperature 
down, avoiding coarsening of austenite dendrites. 
A uniform temperature distribution across the beam direction that might lead to a 
more rectangular HAZ can be achieve by lowering intensity of the beam profile in the 
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central line of the transverse direction to compensate the lateral heat conduction 
losses. The heat source profiles used in the research is shown in figure 111.9. 
H1.2.2. Calculation of Heat Source and Temperature Distribution 
The customised laser heat sources were designed using a simple mathematical model 
[201 
. The model calculates the temperature field within and outside the beam 
illumination region generated by a designed customised heat source. The model is 
based on the summation of continuous series of point sources traversing on a semi- 
infinite workpiece. The customised - complex heat source is treated as a continuum of 
point sources. The model was built using high level mathematical software - 
MathematicaTm by Wolfram Research Inc. The analytical solution to the temperature 
field caused by heat conduction from a moving point source on the surface of a semi- 
infinite body is formulated by [211 : 
,, 
(P. C. v(x-Rad )2 
AT=_ q. 2-k 
2.7c -k- Rad 
eq. (III. 6) 
A point source of q is incident at x=y=z=0. Assumptions made are constant 
material properties with temperature, no heat losses by radiation or convection and no 
latent heat effects considered. 
The real heat source - Q(a, b) was modelled by normalising a distribution of point 
sources - q(a, b) and multiplying by the laser beam power (P). Normalising scales the 
beam intensity distribution over incident area, allowing the initial beam description to 
be in an arbitrary intensity unit. The characters a and b are used to represent the x 
coordinate (longitudinal direction) and y coordinate (transverse direction) within the 
laser beam respectively (figure HL 10). 
Q(a, b) q(a, b) -P eq. (III. 7) max t max q(a, b)dadb 
rmin 
min 
The un-nonnalised beam intensity distributions, (q(a, b)) used during the research are 
given by: 
* For near Gaussian heat source profile: 
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q(a, b) =e 
beamradjus2 
) 
where : -3 * beamradius <a <3 * beamradius 
-3 * bearnradius <b <3 * beamradius 
else :a=b=0 
For "top hat" heat source profile: 
q(a, b) 1 
where -3 * bearnlength <a <3 beamlength 
-3 * bearnwidth <b <3 bearnwidth 
else: a=b=0 
For "CI: ' heat source profile: 
)3 (beamlength -x 
q(a, b) =e 
(3. beaHength) 
where: -3 * beamlength <a <3 beamlength 
-3 * beamwidth <b <3 beamwidth 
else :a=b=0 
For "CLT1" heat source profile: 
(beamlength-x)3 
q(a, b) = e200000. y2 e( 
(3-beamlength)3 
where: -3 * beamlength <a <3 * beamlength 
-3 * beamwidth <b <3 * beamwidth 
else: a=b=0 
* For "CLT2" heat source profile: 
(bcamlength-x)3 
q(a, b) = (-0.5 +e 
200000-y (-0.5 +e 
(2-beamlength)3 
where: -3 * beamlength <a <3 beamlength 
-3 * beamwidth <b <3 bearnwidth 
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eq. (III. 8) 
eq. (III. 9) 
eq. (III. 10) 
11) 
eq. (III. 12) 
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else: a=b=0 
o For "CLM" heat source profile: 
(3.5-beamlength+3x)3 
. Y2 -bearfflength)3 q(a, b) -0.3 + [(-0.6 +e 
35000 )+(-0.5+ (6 eq. (HI. 13) 
where -3 * bearnlength <a <3 beamlength 
-3 * bearnwidth <b <3 bearnwidth 
else ab=0 
These heat source profiles were designed to produce the desired temperature 
distribution on the workpiece by applying a specific set of operating parameters. 
To calculate the effect that each of these heat sources (position coordinate a and b) 
has at a point (position coordinate x, y, z), the distance of each of these point sources 
from (x, y, z) needs to be known and then integrate over the beam (a, b) to add the 
effect on a point [201 : 
P. C. v 
1 max max Q(a, b) -(x-a-R ad (x, y, z, a, b))) AT(x, y, z) = e( 2-k dadb 27c. k 
rmin rmin 
R ad (x, Y9 z, a, b) 
eq. (III. 13) 
Where Radq the radial distance from the point sources to the position under 
consideration is defined as: 
Rad (x, y, z, a, b) = ((x-a)2 + (y-b)2 +Z2)112 eq. (III. 14) 
The method used to integrate the expression is numerical integration. The numerical 
integration was undertaken using the built in packages supplied by the MathematicaTm 
software. Generally a series of small steps is made over the integration region, the 
integral is calculated at each point and then the total points are summed. The output of 
the solution (equation 111.13) is an array of data containing the point position (x, y, z) 
and its corresponding temperature. This data is used to generate a contour temperature 
field map, two dimensional or three dimensional temperature field maps. In addition, 
temperature against time and heating rate against time can be calculated by 
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considering the velocity and the distance of relative movement between the workpiece 
and laser beam, i. e. time = x/v ; heating rate = (T,, - T,, . -I) 
* (v/xstep), where x= 
position (m), v= beam traverse velocity (m/s), T., = temperature at x position, T', _1 = 
temperature at x., position, x step =x-x. j. 
The predicted microstructure in the workpiece can be determined based on the 
temperature on the corresponding location as listed in table 111.2,111.3 and IIIA for BS 
08OA40 carbon steel, BS 817M40 low alloy steel and BS grade 250 grey cast iron 
respectively: 
Table 111.2. Calculated temperature and its predicted microstructure for BS 080A40 
carbon steel 
Temperature ('C) Predicted Microstructure 
> 1495 Re-Solidified Structure 
910-1495 Martensite 
790-910 Martensite, Pro-Eutectoid Ferrite 
< 790 Pearlite, Pro-Eutectoid Ferrite 
Table 111.3. Calculated temperature and its predicted microstructure for BS 817M40 
low alloy steel 
Temperature ('C) Predicted Microstructure 
> 1400 Re-Solidified Structure 
700-1400 Martensite, Un-Dissolved Carbide 
< 700 Martensite, Ferrite, Carbide 
Table 111.4. Calculated temperature and its predicted microstructure for BS 250 grey 
castiron 
Temperature (OC) Predicted Microstructure 
> 1200 Austenite Dendrite, Interdendritic Ledeburite 
790-1200 Martensite, Flakes Graphite 
< 790 Pearlite, Flakes Graphite 
111.3.3. Correlation between Theoretical Models with Experimental Results 
As mentioned in section III. 1, Rapid heating (ý:. 103 'C/s) causes super heating during 
laser surface treatment. The Ac, temperature raises from 723 OC to 790 'C [4,51 and 
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from 650 'C to 700 'C 18,101 for BS 080A40 and BS 817M40 steel respectively and the 
AC3 temperature elevates from 860 'C to 910 'C E4,51 for BS 080A40 steel. During 
comparison of theoretical and experimental results, the Acl isotherm at 790 'C and 
700 'C is compared with the edge of the HAZ of BS 080A40 steel and BS 817M40 
steel respectively while the AC3 isotherm at 910 'C is compared with the edge of the 
fully martensitic structure which corresponds, approximately to the case depth for BS 
08OA40 steel. In addition, the temperatures of 1500 'C and 1400 OC were used as the 
melting isotherm of BS 08OA40 steel and BS 817M40 steel respectively. 
The superheating during laser surface treatment of BS grade 250 grey cast iron 
increases the eutectoid temperature from 723 *C to 790 'C [12,131 whilst the eutectic 
point elevates from 1130 'C to 1200 'C [12,131 . Therefore the temperature of 790 
'C 
and 1200 'C was used as a eutectoid and eutectic isotherm during theoretical 
calculation. 
The values of thermal conductivity, specific heat and density of the specimen used in 
the theoretical calculation are approximately at 790 OC for BS 080A40 steel and BS 
grade 250 grey cast iron and 700 'C for BS 817M40 steel to coincide with the 
austenite transformation temperature (Acl and eutectoid temperature) during laser 
[221 surface treatment 
111.3. Experimental Work 
This section describes step 4 of the methodology. 
1. Identify the surface properties and so the microstructure to be achieved, 
2. Determine the temperature field required to obtain the microstructure, 
3. Design the heat profile needed to produce the desired temperature field, 
4. Apply the custornised heat source. 
After designing the heat source required to produce the desired temperature 
distribution in the workpiece surface, the DOE as the beam shaping technique 
selected in this research, was manufactured by Laser Optical Engineering Ltd. 
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111.3.1. Experimental Procedure 
The laser surface treatment experiments have been undertaken with general objective 
was to optimise the process by studying the heat flow, temperature distribution in the 
workpiece resulted from using the different heat source profiles. The heat source 
profiles applied were near Gaussian profile, "top hat" profile, "CU profile, "CLTI" 
profile , "CLT2" and "CLM" profile. The "CLT2" heat source profile has bigger 
slope along the longitudinal, beam direction than the "CLT1" heat source profile in 
order to hold the temperature process in the austenitic range longer, used for studying 
the diffusion process. 
111.3.1.1. Initial Heat Treatment Prior to Laser Treatment 
The BS 080A40 carbon steel, BS 817M40 low alloy steel and BS grade 250 pearlitic 
grey cast iron were received in the disc shaped with dimension of 170,180 and 160 
mm. diameter respectively and 10 mm. thickness. These workpieces were cut and 
machined down to the form of l60x5OxlO mrn dimension plates. 
The 080A40 steel used in this project was received in two batches with different 
carbon diffusion distances (pearlite spacing lamellae and pro-eutectoid diameter). The 
second batch was normalised in order to obtain a third variation of carbon diffusion 
distance. This initial heat treatment procedure prior to laser treatment and its 
microstructural features are surnmarised in table 111.5. While figure III. II shows the 
microstructure of 080A40 steel after the initial heat treatment prior to laser treatment. 
The oxidized surface layer of all workpiece was removed by surface grinding prior to 
the laser heat treatment. 
The laser surface treatment experiments carried out through out the research are 
surnmarised in the table IIIA 
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111.3.1.2. Laser Surface Treatment Setup 
Laser surface treatment experiments were performed using a1 kW Coherent Everlase 
continuous wave C02 laser with 10.6 gm wavelength as the heat source. The sample 
was mounted on an automated X-Y table which was controlled using an Aerotech 
Unidex 12 control panel. The hardened tracks were produced across the workpiece 
width by moving the table at a constant velocity. 
The raw laser beam was focused using an Umicore SZL25 zoom lens which was 
assembled on the laser head to produce the traditional near Gaussian heat source 
profile with a desire beam diameter. An optical arrangement was used during the 
customised beam experiment applying DOE mirror with the angle of beam reflection 
on DOE mirror of IV and the working distance, i. e. distance between DOE mirror and 
workpiece, of 450 mm. 
The output laser beam power was measured using an integrated Coherent model 204 
power meter. There were reasonably amount of power losses in form of heat 
dissipated in the optical system, i. e. the mirrors and lenses used to guide the beam on 
to the workpiece. The incident laser beam power at the workpiece was measured 
using a Coherent Labmaster power meter. The laser beam power delivery efficiency 
is defined as the ratio between the incident beam power on the workpiece over the 
output beam power. It was found that laser beam experienced power loss to about 17 
% when delivering the near Gaussian heat source profile. Whilst the efficiency of the 
optical arrangement for delivering the different customised heat source profiles were 
varied from 58 to 64 %. Although the Coherent Everlase laser used during the 
research capable to produce the maximum beam power of I M, however due to 
safety reason the output power was limited up to 900 W. Therefore for any 
customised heat source profiles used in the research, the maximum incident laser 
power on the workpiece was about 500 W (table 111.7). 
A colloidal graphite spray - Graphit 33 was used to coat the workpiece surface 
uniformly in order to enhance the laser beam energy absorptivity of the workpiece 
[20,231 
. By applying this coating, the laser beam absorption efficiency of the workpiece 
was increase to 0.55. This value was chosen and used in the theoretical work for 
[20,231 calculating the temperature distribution 
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The experiments were carried out at incident beam power of 300,400 and 500 W, and 
beam velocities of. 1,2,3,4 and 5 mm/s in order to vary the beam irradiances. These 
beam parameters were chosen in accordance with the theoretical works which 
suggested that the process optimisation might be achieved by using variation of these 
set of parameters. After conducting the experiments using variation of these set of 
parameters, it was found that the ideal temperature distribution in the workpiece 
(process optimisation - resulted in most rectangular HAZ) was obtained by applying 
an average beam irradiance of 4.2 * 107 J/m2, i. e. 500 W incident beam power and 3 
mm/s beam traverse velocity (design parameter). The power stability of the laser 
during the experiments was about 4 %, i. e. during its operation, the laser power 
fluctuated ± 4%. The use of these set of parameters also showed a good repeatability 
on the results. The experimental setup is shown schematically in figure 111.12. 
Table 111.7. Laser Beam Power Delivery Efficiency and maximum incident beam power 
Heat source 
profile 
Efficiency 
M 
Max incident power 
(W) 
Near Gaussian 83 730 
"Fop haf' 60 528 
64CUS 58 510 
61CLTIOW 64 563 
"CLT2" 61 536 
"CLM" 1 63 550 
111.3.1.3. Metallurgical Examination 
After laser treatment, the workpiece was sectioned perpendicular to the laser beam 
direction for metallurgical examinations. This was then mounted using thermoplastic 
resin, grounded and polished down to 1 ýtrn using diamond paste and etched in a 
solution of 2% Nital for approximately 20 s (BS 080A40 carbon steel and BS grade 
250 grey cast iron) and 4% Picral + HCI for about 10 s (BS 817M40 low alloy steel) 
to reveal the microstructure of the section [241 . The Nikon optical microscope was 
employed to identify distinct regions of this subsurface microstructure. For detailed 
microstructural analysis the scanning electron microscope was used. 
Microhardness measurement was taken parallel and perpendicular to the section 
surface using a Buehler Vickers microhardness tester with indentation load of 300 gr. 
The indentation spacing of 300 Itm and 50 gm was made parallel to the surface and 
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across the section depth respectively (figure Ill. 13). This microhardness measurement 
profile was presented as the 3D microhardness map. 
111.4. Correlation between Theoretical and Experimental Results 
The discussion of theoretical results were carried out by analysing the calculated 
surface temperature distribution, the heatcycle on the longitudinal direction parallel to 
the beam direction (x direction) and the heatcycle on the transverse direction 
perpendicular to the beam direction (y direction). Whilst the study of experimental 
results was carried out for the shape of the HAZ, the microstructure of the HAZ and 
the microhardness profile. The heatcycle in x direction contributes to the final 
microstructure, whilst the heatcycle in y direction accounts for the shape of the HAZ. 
Correlation between theoretical and experimental results was conducted by comparing 
the HAZ shape, dimension and microstructure of experimental with the theoretical 
one. An agreement between the theoretical and experimental result suggests that the 
actual temperature distribution and heatcycle occur in the workpiece during the 
experiment is comparable with the theoretical temperature distribution and heatcycle. 
111.5. Characteristic of DOE 
The actual heat source profiles accorded by the DOE are not perfect representation of 
the design profiles; there is high frequency noise present (figure 111.14). However, the 
noise is not detrimental when using a metal substrate since metal has high thermal 
conductivity diffusivity which effectively filters out all but the worst noise in the 
transition from heat source input to workpiece temperature field E251. Therefore, 
although the actual heat sources profiles are not ideal, they generate similar 
temperature fields in the workpiece as the theoretical heat source profiles. 
The heat transfer problems can find an analogy with electrical circuits 
E253. The form 
of Fourier's law is identical with Ohm law of electric charge, which relates the flow 
E253 
of electric charge (ampere) to the flow of heat (watt) 
A. Dimartomo Chapter III 
I= v CL Q= -kA 
AT 
R AX 
Where: 
I cf. QI= current (Watt) Q= Rate of heat flow 
V cf. AT V= voltage (Volt) Ws) 
R cf. 
AX R= resistance (Ohm) M 
eq. (III. 15) 
The thermal - electrical equivalent values of resistance (Rt) and capacitance (Ct) of 
metal substrate are: 
Rt = 
L 
k-A eq. 
(III. 16) 
L= Length of sample (m) 
A= Cross sectional area (mý) 
K= Thermal conductivity (W/K. m) 
Ct =p-Cp *L-A eq. (III. 17) 
p= Density of material (kg/M3 
Cp = Specific heat (J/kg. K) 
Heat can be considered as a "thermal wave" (first investigated by J. Fourier and A. J. 
Angstrom) in form of sinusoidal fourier transform [25,261 . The metal substrate acts as a 
low pass filter, allows the transfer function to be calculated, consequently the phase 
(angular frequency - co) and magnitude (voltage - V) of resultant thermal wave (after 
passing the low pass filter) is given by [271 
1 
H(co) 
Ct 
eq. (IH. 18) 
R+I 
(0 - Ct 
So: 
Vout (ü» ` Vin (0» * (0» 
Where 
Vi,, (. ) = magnitude of thermal wave before filter 
V. ut (. ) = magnitude thermal wave after filter 
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1-ý. ) = transfer function 
In order to demonstrate that the actual heat source profile generates similar heat flow 
as produced by the theoretical heat source profiles. The calculated thermal wave after 
filter (Vout (. )) have to has similar magnitude as the thermal wave form of the 
theoretical heat source. 
Shape of heat source profile in x or y direction can be considered as a periodic 
wavefon-n therefore it can be written as a periodic sinusoidal Fourier transform 
equation [271 : 
1- 
'x t .[ Cos 
2n 
t-j sin 
27E 
t 
-IN N*N* 
or: 
y= 7N= x(t). [a - jb] 
since: 
27c 27c -i. t. 
2n 
[(cos -. t) - j(sin -. t)] =eN NN 
so: 
I N-1 -J. 
2n 
x (t). e N 
t=O 
where: 
27E 
.t=0 and 57.295' 0=1 jirad co (angular frequency) N 
N= number of data 
t= data 
A (magnitude) =V (voltage) = 
J(a2 
+b2 
eq. (HI. 19) 
eq. (III. 20) 
eq. (III. 21) 
eq. (III. 22) 
Before converting into Fourier transform equation, the heat source profile has to be 
written in a discrete array of magnitude data (figure 111.15). Then this array of data is 
formulated into the Fourier transform equation where co and V can be determined. The 
mathematical calculations were conducted using MathematicaTm software. 
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Figure 111.16 and 111.17 depict the thermal wave diagram (0) vs V) for "CU and 
"CLT2" heat source profiles respectively. It confirms that the calculated thermal wave 
after filter (V,, ut (. )) has similar magnitude (voltage) as the thermal wave of the 
theoretical heat source with just about 10 % error. This shows that the theoretical heat 
source profile can be used to model the heat flow - temperature fields in the 
workpiece although the actual heat source profile has high frequency noises present. 
Thus, showing the validity of the approach. 
111.6. Chapter Summary 
A novel methodology for optimising the laser surface treatment process using 
custornised heat source has been identified. The steps are: 
1. Identify the surface properties and so the microstructure to be achieved, 
2. Determine the temperature field required to obtain the microstructure, 
3. Design the heat profile needed to produce the desired temperature field, 
4. Apply the customised heat source. 
The materials selected for the research were: BS OSOA40 carbon steel, BS 817M40 
low alloy steel and BS Grade 250 grey cast iron. These materials were chosen since 
they have different parent microstructures, hence different phase transformation 
process during rapid heating and therefore suitable for studying the heat flow during 
laser treatment using customised heat source profiles by analysing the final 
microstructure resulted after the treatment. 
This methodology is surnmarised in table 111.8. 
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Heat sources used during the research were raw beam with "near Gaussian" profile 
and "top haf' with uniform intensity profile as the control heat sources and 
customised heat source profiles named: "CU (customised longitudinal), "CLT1" and 
"CLT2" (customised longitudinal and transverse) and "CLM" (customised 
longitudinal for cast iron treatment). These heat source profiles were optimised to 
produce the ideal temperature distribution on the workpiece by applying a specific set 
of operating parameters, i. e. design operating parameters. 
The custornised laser heat sources were designed using a mathematical model. The 
model calculates the temperature field in the workpiece generated by the designed 
heat source profile. The model is based on the summation of a continuous series of 
point sources traversing on a semi-infinite workpiece. Assumptions made are constant 
material properties with temperature, no heat losses by radiation or convection and no 
latent heat effects considered. 
Laser surface treatment experiments were carried out using 1 kW C02 laser as the 
heat source. The DOE was selected as the method for custornising the heat source 
profile. An optical arrangement was used during the custornised beam experiments 
applying the DOE. Different set of operating parameters were used in order to vary 
the beam iffadiances. The ideal temperature distribution was achieved by applying the 
average beam iffadiance of 4.2 * 107 j1M 2. A colloidal graphite spray was used to coat 
the workpiece surface in order to enhance the laser beam absorptivity of the 
workpiece. 
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Choice of Laser Processing Parameters 
Chapter IV 
IV. 1. Introduction 
This chapter describes the selection of processing parameters together with their 
variabilities and sensitivities to the process. The selection of processing parameters 
which are presented in this chapter are listed in table IV. 1. 
Table IVA. Selection of laser processing parameters presented in chapter IV 
No Incident Power (ND Beam Traverse Velocity (mm/s) 
1 500 3 
2 500 2 
3 500 1 
4:: F 400 3 5 300 3 
These are organised by material: 
IV. 3.1 BS 080A40-a: fine carbon diffusion distance 
IV. 3.1.1. "Near Gaussian" heat source profile 
Figure IV. 1. HAZ microstructure changing beam traverse 
velocity 
Figure IV. 2. HAZ microstructure changing incident power 
Table IV. 2. HAZ dimension table 
Figure IV. 3. Microhardness along surface and across depth 
changing power 
Figure IVA Microhardness along surface and across depth 
changing velocity 
IV. 3.1.2. "Top Hat" heat source profile (figures IV. 5-8, table IV. 3) 
IV. 3.1.3. "CI: ' heat source profile (figures IV. 9-12, table IVA) 
IV. 3.1.4. "CLY' heat source profile (figures IV. 13-16, table IV. 5) 
IV. 3.2 BS080A40-b: medium carbon diffusion distance 
IV. 3.2.1. "Top Hat" heat source profile (figures IV. 17-20, table IV. 6) 
IV. 3.2.2. "CL7 heat source profile (figures IV. 21-24, table IV. 7) 
IV. 3.3 BS080A40-c: coarse carbon diffusion distance 
IV. 3.3.1. "Top Hat" heat source profile (figures IV. 25-28, table IV. 8) 
-82- 
A-Primartomo Chapter IV 
IV. 3.3.2. "CLT" heat source profile (figures IV. 29-32, table IV. 9) 
IV. 3.4 Comparison between BS08OA40-a-b-c (fine, medium and coarse grained) 
Figure IV. 33 HAZ microstructure 
TableIVAO HAZdimensions 
IV. 3.5 BS 817M40 low alloy steel 
IV. 3.5.1. "Near Gaussian" heat source profile (figure IV. 34-37, table 
IV. 11) 
IV. 3.5.2. "CLT" heat source profile (figure IV. 38-41, table IV. 12) 
IV. 2. Results and Discussion 
IV. 2.1. HAZ Dimensions 
As expected and as illustrated in the figures and tables throughout the thesis, applying 
a higher power density increased power or decreased velocity) a wider and deeper 
HAZ was seen in all materials (BS 080A40 and BS 817M40) for all heat source 
profiles. Applying higher incident beam power results in higher irradiance and 
decreasing the velocity increases the laser beam residence time on the material "I. 
Both of these phenomena generate higher heat input resulting in higher temperatures 
within the workpiece which in turn leads to a bigger HAZ (see especially figures 
I V. 13 and IV. 14, table I V. S). 
Comparison of HAZ dimensions produced with the same operating parameters but 
with different materials having different carbon diffusion distances shows that the 
HAZs have similar depths (+Ale IV. 9 and figure IV. 33). This is understandable since 
the critical carbon diffusion process that indicates the base of the HAZ formation (i. e. 
phase transformation from pearlite to austenite) commenced at the same Ac, 
[21 
temperature for each carbon steel, regardless of their carbon diffusion distances 
Combined with similar materials properties for heat flow dependence, these results in 
similar HAZ depths for any workpieces. 
IV. 2.2. Martensitic Formation 
The depth of uniform martensitic area decreased as the carbon diffusion distance 
increased. The diffusion calculation previously discussed in chapter tit showed that 
more time was required to complete austenite homogenisation as the carbon diffusion 
A-Oimartomo Chapter IV 
distance increased [31 . The process relies on Fick's second law of diffusion. Thus, to 
produce uniform martensite upon rapid cooling a longer time above AC3 temperature 
is required to enable the completion of homogeneous carbon distribution in the 
austenite. Therefore laser hardening of BS08OA40-a produced a HAZ with a 483 um 
deep uniform martenistic area compared with BS080A40-b giving a 425 um deep 
uniform martenistic area and no uniform martensitic area found using BS080A40-c. 
As the carbon diffusion distance increased from 0.05 um, through 0.1 um to 0.4 um, 
the time temperature combination resulted in a smaller area undergoing austenitic 
homogenisation until none of the heated area was in the austenitic phase for a long 
enough time period. 
IV. 2.3. Microhardness 
Besides producing a bigger HAZ, applying a higher irradiance also resulted in slightly 
lower microhardness readings at the surface (see for example figures IX. 3 and IXA). 
The higher heat input into the workpiece produced higher temperatures in the 
austenitic phase resulting in a coarser austenitic grain size, which indices a lower 
hardness of martensite upon rapid cooling [41 . 
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IVA Figures 
IVAI. BS 080A40-a Carbon Steel 
IN'. 4.1.1. "Near Gaussian- Heat Source Profile 
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Figure IV. I. HAZ produced by laser hardening of BS 08OA40-a carbon steel using "near 
Gaussian" heat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mm/s (b) I mm/s (C) I mm/s 
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Chapter I'l 
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Figure IV. 2. HAZ produced by laser hardening of "BS 08OA40-a" carbon steel using 
"near Gaussian" heat source profile, 3 nu-n/s beam traverse velocity and incident beani 
powers: 
(a) 500 W 
(b) 400 W 
(c) 300 W 
Table IV. 2. Dimension of HAZ produced by laser hardening of "BS 08OA40-a" carbon 
steel using "near Gaussian" heat source profile with different processing parameters: 
(a). 500 W incident power; (b). 3 mm/s traverse velocity 
Processing 
Parameters 
Width 
(ýLni) 
Depth 
(ýLni) 
Processing Width Depth 
Parameters (w) 
3 nim/s, 500 W 3900 1175 
3 inni/s, 400 W 3450 1000 
3 nini/s, 300 W 3015 750 
500 W, 3 ninils 3900 1175 
500 W, 2 iiiniJs 4010 1300 
500 W. I nint/s 4250 1425 
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Figure IV. 3. Hardness Profile of HAZ produced by laser hardening of ITS 080A40-a" 
carbon steel using "near Gaussian" heat source profile, 500 W incident beam power, 
different beam traverse velocities: 
(a) Along WJ surface 
(b) Across RAZ depth 
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Figure IVA Hardness Profile of HAZ produced by laser hardening of "BS 080A40-a" 
carbon steel using "near Gaussian" heat source profile, 3 mm/s beam traverse velocity, 
different incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 5. HAZ produced by laser hardening of IIBS 080A40-a" carbon steel using 
"Top hat" heat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mm. /s (c) 1 mm/s 
(b) 2 mm/s 
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Figure IVA HAZ produced by laser hardening of IIBS 080A40-a" carbon steel using 
"Top hat" heat source profile, 3 mm/s beam traverse velocity and incident beam powers: 
(a) 500 W (c) 300 W 
(b) 400 W 
Table IVA Dimension of HAZ produced by laser hardening of "BS 080A40-a" carbon 
steel using "Top hat" heat source profile with different processing parameters: 
(a). 500 W incident power; (b). 3 mm/s traverse velocity 
Processing Width Depth 
Parameters (P (gm) 
500 W, 3 mm/s 4025 875 
500 W, 2 mm/s 4100 950 
500 W, I n-im/s 4375 1025 
Processing Width Depth 
Parameters (gm) (AM) 
3 mm/s, 500 W 4025 875 
3 mm/s, 400 W 3700 750 
3 nuiVs, 300 W 3450 625 
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Figure IV. 7. Hardness Profile of HAZ produced by laser hardening of "BS 080A40-a" 
carbon steel using "Top hat" heat source profile, 500 W incident beam power, different 
beam traverse velocities; 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 8. Hardness Profile of HAZ produced by laser hardening of "BS 08OA40-a" 
carbon steel using "Top hat" heat source profile, 3 mm/s beam traverse velocity, 
different incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 9. HAZ produced by laser hardening of "BS 08OA40-a" carbon steel using 
"CL" beat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mm/s (c) I mm/s 
(b) 2 mm/s 
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Figure IV. 10. HAZ produced by laser hardening of 'IBS 080A40-a" carbon steel using 
"CL" heat source profile, 3 nun/s bearn traverse velocity and incident beani powers: 
(a) 500 W (c) 300 W 
(b) 400 W 
Table IVA Dimension of HAZ produced by laser hardening of "BS 080A40-a" carbon 
steel using "Cl. " beat source profile with different processing parameters: 
(a). 500 W incident poNver; (b). 3 nini/s traverse velocity 
Processing Width Depth 
Parameters gni) (AM) 
500 W, 3 nini/s 4250 675 
500 W, 2 mm/s 4400 750 
500 W, I nini/s 4625 850 
(a) 
Processing Width Depth 
Parameters (grn) (a!!! ý 
3 nini/s, 500 W 4250 675 
3 mni/s, 400 W 3050 500 
3 nini/s, 300 W 2800 275 
(b) 
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Figure IV. 13. HAZ produced by laser hardening of"BS 080A40-a" carbon steel using 
"CLT" heat source profile, 500 W incident beam power and bearn traverse velocities: 
(a) 3 nini/s (c) I MMIS 
(b) 2 mni/s 
, 4.0imartomo 
900 - 
800- 
700- 
600- 
5001 
400 
300 
200 
100 
0 
Width Distance (um) 
(a) 
rm 
800 - 
700- 
600 - 
500 
400 
i 300 ý 
200 
100 
0 
Cfwp ter IT' 
4 50OW, 3nwri/s 
50OW, 2 mads 
--&-50OW, I=Vs!; 
q! r 
IIIIII 
'1" 
Depth Distance (um) 
I 
I- -II 
--s- 50OW, 3nmVs, i 
--a- 50OW, 2nmVs, 
--*-500W, Inmvs! ýl 
(b) 
Figure tV. 11. Hardness Profile of HAZ produced by laser hardening of "BS 080A40- 
a"carbon steel using "CL" beat source proW SW W incident beam power, different 
beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure W. 12. Hardness Profile of HAZ produced by laser hardening of "BS 08OA40-a" 
carbon steel using "CL" beat source profile, 3 mm/s beam traverse velocity, different 
incident beam powers: 
(a) Along RAZ surface 
(b) Across t4AZ depth 
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Figure IV. 13. HAZ produced by laser hardening of 'IBS 080A40-a" carbon steel using 
"CLT" heat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mm/s (C) I mm/s 
(b) 2 mn-t/s 
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Figure IV. 14. HAZ produced by laser hardening of "BS 08OA40-a" carbon steel using 
"CLT" heat source profile, 3 nim/s beam traverse velocity and incident bean] powers: 
(a) 500 W (c) 300 W 
(b) 400 W 
Table IV. 5. Dimension of HAZ produced by laser hardening of "BS 080A40-a" carbon 
steel using "CLT" heat source profile with different processing parameters: 
(a) 500 W incident power; (b) 3 runi/s traverse velocity 
Processing Width Depth 
Parameters (grn) (grn) 
500 W, 3 mnVs 4100 689 
500 W, 2 mnVs 4225 750 
500 W, I mnVs 4500 850 
Processing Width Depth 
Parameters (gm) (gill) 
3 mm/s, 500 W 4100 689 
3 min/s, 400 W 3550 500 
3 mni/s, 300 W 2550 225 
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Figure IV. 15. Hardness Profile of HAZ produced by laser hardening of "BS 080A40-a" 
carbon steel using "CLr' heat source profile, '500 W incident beam power, different 
beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 16. Hardness Profile of HAZ produced by laser hardening of "BS 080A40-a" 
carbon steel using "CLT" heat source profile, 3 mm/s beam traverse velocity, different 
incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure JV. 17. HAZ produced by laser hardening of BS 080A40-b carbon steel using 
"Top- hat" heat source profile, 500 W incident bearn power and bearn traverse velocities: 
(a) 3 nim/s (c) I nini/s 
(b) 2 nim/s 
A. Plimartomo 
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Figure IV. 18. HAZ produced by laser hardening of "BS 080A40-1)" 
Chapter PV 
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carbon steel using 
"Top hat" heat source profile, 3 mm/s beam traverse velocity and incident beam powers: 
(a) 500 W 
(b) 400 W 
300 W 
Table IVA Dimension of HAZ produced by laser hardening of "BS 080A40-b" carbon 
steel using "Top hat" beat source profile with different processing parameters: 
(a). 500 W incident power; (b). 3 nini/s traverse velocity 
Processing 
Parameters 
500 W, 3 mni/s 
500 W, 2 nini/s 
500 W, I inni/s 
Width 
(wil) 
4000 
4100 
4225 
(a) 
Depth 
(gni) 
890 
1000 
1050 
Processing ý Width Depth 
Pat (ýLni) (gm) 
3 nini/s, 500 W 400 890 
3 mnils, 400 W 3750 730 
3 nini/s, 300 W 3325 575 
I 
(b) 
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Figure IV. 19. Hardness Profile of HAZ produced by laser hardening of 'IBS 080A40-b" 
carbon steel using "Top hat" heat source profile, . 500 W incident beam power, different 
beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 20. Hardness Profile of HAZ produced by laser hardening of "BS 08OA40-b" 
carbon steel using "Top hat" heat source proW 3 mm/s beam traverse velocity, 
different incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 21. HAZ produced by laser hardening of BS 080A40-b carbon steel using 
"CLT" heat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mn-t/s (c) I ninVs 
(b) 2 nini/s 
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Figure IV. 22. IIAZ produced by laser hardening of' -BS 08OA40-1)" carbon steel using 
"CLT" heat source profile, 3 nuu/s beam traverse velocity and incident beam powers: 
(a) 500 W (c) 300 NV 
(b) 400 NN' 
Table IN'. 7. Dimension of IIAZ produced by laser hardening of "BS 080A40-b" carbon 
steel using "Cl, T" heat source profile with different processing parameters: 
(a). 500 NN' incident po, *%-er; (b). 3 mnVs traverse velocity 
Processing Width Depth 
Parameters (gm) 
500 NV, 3 inni/s 4125 693 
500 NV, 2 ninils 4275 762 
500 W, I nuu/s 4430 807 
Processing Width Depth 
Parameters (gli (gm) 
3 mnVs, 500 W 4125 693 
3 inni/s, 400 W 3546 525 
3 inni/s, 300 W 2200 428 
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Figure IV. 23. Hardness Profile of HAZ produced by laser hardening of "BS 08OA40-b" 
carbon steel using "CLT' heat source profile, 500 W incident beam power, different 
beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 24. Hardness Profile of HAZ produced by laser hardening of "BS 08OA40-b" 
carbon steel using "CLIr' heat source profile, 3 mm/s beam traverse velocity, different 
incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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IV. 4.3. BS 080A40-c Carbon Steel 
IV. 4.3.1. "Top hat" Heat Source Prorile 
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Figure IV. 25. HAZ produced by laser hardening of BS 080A40-c carbon steel using 
"Top hat" heat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mm/s (c) I mm/s 
(b) 2 mm/s 
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Figure IV. 26. HAZ produced by laser hardening of "BS 080A40-c" carbon steel using 
"Top hat" heat source profile, 3 mm/s beam traverse velocity and incident beam powers: 
(a) 500 W (c) 300 W 
(b) 400 W 
Table IV. 8. Din-iension of HAZ produced by laser hardening of"'13S 080A40-c" carbon 
steel using "Top hat" heat source profile Nvith different processing parameters: 
(a). 500 W incident power; (b). 3 mm/s traverse velocity 
Processing Width Depth 2: 
Parameters (ýLrn) m) 
500 W, 3 mm/s 3950 895 
500 W, 2 mm/s 4047 090 logo 
500 W, I mm/s 4143 1100 
Processing Width Depth 
Parameters (grn) (gm) 
3 mni/s, 500 W 3950 895 
3 nim/s, 400 W 3604 700 
3 nim/s, 300 W 3200 460 
(a) (b) 
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Figure IV. 27. Hardness Profile of HAZ produced by laser hardening of "BS 080A40-C" 
carbon steel using "Top hat" heat source profile, 500 W incident beam power, different 
beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 28. Hardness Prolfile of HAZ produced by laser hardening of "BS 080A40-c" 
carbon steel using "Top hat" heat source profile, 3 mm/s beam traverse velocity, 
different incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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IV. 4.3.2. "CLT" Heat Source Profile 
f OROrfi 
(b) 
(c) 
Chapter IV 
1000 pm 
Figure IV. 29. HAZ produced by laser hardening of BS 080A40-c carbon steel using 
"CLT" heat source profile, 500 W incident beam power and beam traverse velocities: 
(a) 3 mm/s (c) 1 mm/s 
(b) 2 mn-i/s 
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Figure IV. 30. HAZ produced by laser hardening of 'IBS 080A40-c" carbon steel using 
"Top hat" heat source profile, 3 mm/s beam traverse velocity and incident beam powers: 
(a) 500 W (c) 300 W 
(b) 400 W 
Table IV. 9. Dimension of HAZ produced by laser hardening of "BS 080A40-c" carbon 
steel using "CLT" heat source profile with different processing parameters: 
(a). 500 W incident power; (b). 3 mm/s traverse velocity 
Processing Width Depth 
Parameters (um) (um) 
500 W, 3 mm/s 4128 699 
500 W, 2 mm/s 4283 780 
500 W, 1 mm/s 4400 843 
Processing 
Parameters 
Width 
(um) 
4128 
3810 
3450 
Depth 
(um) 
(a) 
3 mm/s, 500 W 
3 mm/s, 400 W 
3 mnVs, 300 W 
(b) 
699 
503 
420 
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Figure IV. 31. Hardness Profile of HAZ produced by laser hardening of 'IBS OSOA40-c" 
carbon steel using "CLT' heat source proffle, 500 W incident beam power, different 
beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 32. Hardness Profile of HAZ produced by laser hardening of "BS 08OA40-c" 
carbon steel using "CLT' heat source profile, 3 mm/s beam traverse velocity, different 
incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 33. HAZ produced by laser hardening using -cur heat source profile, 500 
W, 3 nini/s beam traverse velocity and different parent materials: 
(a) BS 080A40 -a 
(b) IIS 080A40 -b 
(c) BS 080A40 -c 
Table IV. 10. Dimension of HAZ produced by laser hardening using "CIA"' heat source 
profile, 500 W, 3 nini/s bearn traverse velocity and different parent materials 
Material Dimension (gm) 
Depth of HAZ Depth of Full Martensite 
BS 080A40 -a 689 483 
BS 080A40 -b 693 425 
BS 080A40 -c 699 
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IV. 4.5. BS 817M40 Low Alloy Steel 
IV. 4.5.1. "Near Gaussian" Heat Source Profile 
i 
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t 
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(h) 
Figure IV. 34. HAZ produced by laser hardening of BS 817M40 low alloy steel using 
"near Gaussian" heat source profile, 500 W incident beam power and beam traverse 
velocities: 
(a) 3 mnVs (c) I nim/S 
(b) 2 mm/s 
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Figure IV. 35. HAZ produced by laser hardening of BS 817M40 low alloy steel using 
"near Gaussian" heat source profile, 3 inni/s beam traverse velocity and incident beam 
powers: 
(a) 500 W 
(b) 400 W 
(c) 300 W 
Table IVAI. Dimension of HAZ produced by laser hardening of BS 817M40 low alloy 
steel using "near Gaussian" heat source profile with different processing parameters: 
(a). 500 W incident power; (b). 3 nim/s traverse velocity 
Processing Width Depth 
Parameters (11111) (gm) 
500 W, 3 nini/s 3800 975 
500 W, 2 nini/s 3900 1120 
500 W, I nini/s 3960 1240 
(a) 
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Processing Width Depth 
Parameters (gm) 
3 nini/s, 500 W 3800 975 
3 iiiiii/s, 400 W 2881 740 
3 nini/s, 300 NV 1713 290 
(b) 
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Figure tV. 36. Hardness Profile of HAZ produced by laser hardening of BS 817M40 low 
alloy steel using "near Gaussian" heat source profile, 500 W incident beam power, 
different beam traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IV. 37. Hardness Profile of HAZ produced by laser hardening of BS 817M40 low 
alloy steel using "near Gaussian" heat source profile, 3 mm/s beam traverse velocity, 
different incident beam powers: 
(a) Along HAZ surface 
(b) Across FIAZ depth 
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Figure IV. 38. HAZ produced by laser hardening of BS 817M40 low alloy steel using 
"CLT" heat source profile, 500 W incident bearn power and beam traverse velocities: 
(a) 3 nu-n/s (c) I nini/s 
(b) 2 nim/s 
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Figure IV. 39. HAZ produced by laser hardening of BS 817M40 low alloy steel using 
"CLT" beat source profile, 3 mni/s beant traverse velocity and incident beam powers: 
(a) 500 W (c) 300 W 
(b) 400 W 
Table IV. 12. Dimension of HAZ produced by laser hardening of' BS 817M40 low alloy 
steel using "CLT" licat source profile with different processing parameters: 
(a). 500 W incident power; (b). 3 nini/s traverse velocity 
Processing Width Depth 
Parameters (gill) 
500 W, 3 inni/s 4100 631 
500 W, 2 nini/s 4157 810 
500 W, I mni/s 4236 890 
(a) 
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Processing Width Depth 
Parameters (gill) (gill) 
3 nim/s, 500 W 4100 631 
3 nini/s, 400 W 3700 513 
3 ninVs, 300 W 690 121 
(b) 
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Figure tV. 40. Hardness Profile of HAZ produced by laser hardening of BS 817M40 low 
alloy steel using "CLT" heat source profile, 500 W incident beam power, different beam 
traverse velocities: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Figure IVAI. Hardness Profile of HAZ produced by laser hardening of BS 817M40 low 
alloy steel using "CLT" heat source profile, 3 nun/s beam traverse velocity, different 
incident beam powers: 
(a) Along HAZ surface 
(b) Across HAZ depth 
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Laser Hardening of BS 08OA40 Carbon Steel 
V. I. Introduction 
This chapter describes the laser hardening experiment of BS 080A40 carbon steel I 
with parent material of pearlite and pro-eutectoid ferrite, carried out in order to study 
the heat flow occurring by using different heat source profiles and processing Cl 47, 
parameters. The heat source profiles employed were: circular near Gaussian, squared 
"top hat", -CL- and "CLTI" heat source profiles while the operating parameter used 
were incident beam power of 300 W, 400 W and 500 W; and beam traverse velocity 
of I mm/s, 2 mm/s, 3 mm/s, 4 mm/s and 5 mm/s. 
V. 2. Experimental Background 
Laser hardening currently relics on the use of' near Gaussian and -top hat" hcani 
profiles to be applied as a heat source 111. This result in non-isotlicrm parallel to the 
surface, i. e. higher temperature on the centre, thus the HAZ is not even in depth. It is 
generally deeper at the centre than at the sides and so produces a non-uniform surface 
hardening profile. The aim of this experiment was to achieve an Isotherm parallel to 
the Surface, thus producing a homogenous surface hardening profile. 1.71 ItD 4: 1 
VA Results and Discussion 
The design operating parameters of applying the CLTI heat source profile for 
optimising the process, i. e. achieving most rectangular HAZ, was 500 W incident 17, z: 1 0 
beam power and 3 mm/s beam traverse velocity. Thus, this set of'operating paratneter 
was used for results comparison among heat source profiles. 
V. 3.1. Theoretical Results 
The theoretical temperature distribution (AT(x, y, z)) resulted from usincy different heat r. 71 
source profiles and different processing parameters, i. e. laser beam power (P) and 
A. Primartomo ChapterV 
beam traverse velocity (v), was calculated using equation 111.13 explained in chapter C, 
Ill. 
V. 3.1.1. Theoretical Surface Temperature Distribution 
The "near Gaussian" heat source profile was predicted to generate a pcaky surface 
temperature profile (figure V. 1a). A less pronounced peaked temperature profile was 
predicted by using the "top-hat" heat source profile (figure V. 1b). The use of' "CL" C, 
and "CLTI" heat source profile were designed to produce an almost plateau Surface 
temperature profile (figure V. Ic & V. 1d). 
V. 3.1.2. Theoretical Temperature Distribution in Transverse Direction 
It was predicted that by applying the "near Gaussian" (fioure V. 2a), -tOp hat" (1'1()LII'C I In 
V. 2b) and "CL" heat source profile (figure V. 2c) result in non-isothcrm temperature Zý 
distribution parallel to the surface along the transvci-se direction. Hence, it Would 
produce an arc-shape HAL However, a constant temperature profile at the transverse 
direction was calculated by using the -CLTI- heat source profile (figure V. 2d), so Z7, ID 
may produce a more rectangular HAZ since the reducing of heat intensity profile at 
the centre line in the transverse direction compensates the lateral heat conduction 
[2,31 losses 
V. 3.1.3. Theoretical Temperature Distribution in Longitudinal Direction 
It was calculated that by employing the "near Gaussian- (hourc V. 3a) and "top hat" 
(figure V. 3b) heat source profile, the surface temperature in the longitudinal direction 
increased above melting point, up to 1750 T and 1550 T respectively, then cooling C, -- 
immediately, hence would result in surface rnolten area. However, the reducing 
intensity profile alonor the beam direction at the "CL" (figure V. 3c) and "CLTI" Z-- 11: 1 
(figure V. 3d) heat source profile were predicted to hold the surface temperature C, 
within the full austenitic temperature range, i. e. between Ac to melting point, as the C, 3 
beam passes a point, hence avoiding melting on the surface while allowing the Cl 1: 1 
homogenous austenitic transformation and therefore upon rapid cooling, it may result z: 1 C) 
in maximising the opportunity for uniform martensite distribution on the surface. 
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V. 3.1.4. Prediction of Cooling Rate 
The predicted maximum cooling rates at the base of HAZ (figure V. 4) from using the 
"near Gaussian" and the "CLTI" heat source profile were 620 T/s and 400 T/s 
respectively and achieved at temperature of 700 T and 580 T respectively. Although 
the predicted cooling rate calculated by using the "CLTI" heat source was below the 
cooling rate calculated by the use of the "near Gaussian" heat source profile, it was 
ill expected to produce the martensitic structure since the critical cooling rate for SO Z7, 
OSOA40 steel is 58 T/s as shown in the CCT diagram 
[4](1- 
1 Oure V. 5). Z: ý 
V. 3.2. Experimental Results 
V. 3.2.1. Shape of HAZ 
The use of "near Gaussian", "top hat" and "CL" heat source profile produced an arc- 
shaped HAZ while a more rectangular and shallower HAZ was resulted by applying ZD 1: 1 
the "CLTI" heat source profile. As predicted previously, an al-c-shaped HAZ was 
contributed by the non-isotherm temperature distribution parallcl to the Surface in the 
transverse direction. While a more rectangular Lind shallow IIAZ was resulted frorn 
the isotherm temperature distribution in the transverse direction. 
V. 3.2.2. Microstructure 
Melting was observed in the surface by applying the "ricar Gaussian" (figure V. 6a) 1 4-- 
and "top hat" heat source profile (figure V. 6b). However, the use "CL" (figure V. 6c) I 
and "CLTI" heat source profile (figure V. 6d) produced a uniform surface rnartcrisitic 
area. By applying the "near Gaussian" and "top-hat" heat source profile, the predicted C, II 
maximum surface temperature was 1750 T and 1550 T respectively since the 
irradiated zone was heated well above the melting point, Le. 1495 T, as the bcam 
passed over a point. The predicted maximum surface temperature of' 1200 "C and 
1100 T was achieved using "CL" and "CLTI" heat source profile respectively since 
reducing the intensity profile in the longitudinal direction kept the surface temperature 
within austenitic temperature range and hence, upon rapid cooling rcsulted in unifol, 111 
martensitic structure. 
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V. 3.2.3. Microhardness 
The mixed structure of martensite and re-solidifted area on the surface of "near 
Gaussian" HAZ led to the non uniform hardness profile (figure V. 7). Similar result 
was also found by the use "top hat" heat source profile (figure V. 8) although the 
surface hardness was more evenly distributed. The good uniformity of' hardness 
profile on the surface was achieved by applying the "CU and "CLTI" heat source 
profile (figure V. 9 and V. 10) as the homogenous martensite distribution was observed 
down to about 600 ftm and 480 [im for "CL" and "CLTI" licat source profiles 
respectively below the surface. 
Since the use of the "CLTI" heat source profile produced a more rectangular HAZ 
(figure V. 6d) than by using the "CL" heat source (figure V. 6c), it resulted in a wider C, 1: 1 
uniform martensitic distribution along the transverse direction. Therefore, the use of' 
"CLTI" heat source profile (figure V. 10) resulted in more uniform hardness profile 
along the HAZ than produced by the "CL" heat source profile (figure V. 9). t7l -- 
V. 3.3. Correlation between Theoretical and Experimental Results 
The comparison between calculated and experimental HAZ produced by applymo, 
different heat source profiles are illustrated in figure V. II to V. 14. While table V. I 1: 1 
summaries the HAZ dimension resulted From theoretical and experimental. 
A good agreement between theoretical and experimental results was observed. This 
aEreement SLI(,,,, (, ested that the actual hCa(CYCIC OCCUrred in the workpiecc (ILII'Illl-' the 
experiment was comparable with the theoretical one explained above, thus confirmino Z- 
the approach. The chosen values of material propemes, i. e. thermal COndLiCtIvIty alld 
specific heat capacity in the theoretical calCLIlation at approximately Ac-, temperature. 
nil(, ht responsible to this low theoretical error. C 
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Table V. I. HAZ dimension comparison between theoretical and experimental treated 
using different heat source profiles, 50OW incident beam, 3nmi/s beam traverse velocity 
Ileat Source Depth of IIAZ (nim) Theoretical Width oflIAZ (nini) Theoretical 
Profile Theoretical Experimental Error (%) Theoretical Experimental Error 
"Near 
G aussian" 
1.08 1.09 1.0 3.74 3.80 1.6 
"Top hat" 0.80 0.85 6.2 3.83 4.04 5.5 
66CU 0.76 0.83 9.2 3.91 4.08 4.6 
"CIM" 0.61 0.66 1 8.2 1 4.04 4.23 1 4.7 
VA Chapter Summary 
By customising the heat source profile more ideal temperature distribution In the 
workpiece can be controlled and therefore desire surface mechanical properties could 
be improved. 
The longitudinal direction of the rectangular bearn intensity profile controls the 1: 1 Z: 5 
heatcycle in the irradiated zone while the transverse direction controls the flatness of 
the hardened zone. 
The use of "CLTI" heat source profile allows a uniform surface hardening profile 
with more rectangular HAZ to be achieved since the reducing of' heat source profile 
along the lonaitudinal direction holds the surface temperature within tile austenitic 
temperature ran(ye as the beam passes a point, hence avoidino n1clono oil the surface I ltý C, 
while allowing the homogenous aUstenitic transformation. This I'CSLIlts In .1 uniforill 
surface martensite structure. While the dipping profile at the transvcI-sc direction 
compensates the lateral conduction heat loss and hence producing a more rCCtMl0LI1aI* 
HAZ. 
General comparison among the use of custormsed laser bearn licat source Is 
summarised in table V. 2. 
- 130- 
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Table V. 2. Summary of laser hardening experiment of BS 080A40 carbon steel using 
different heat source profiles 
Ileat Source Profile 
"Near Gaussian" "Top hat" 11 CUI CIITIII 
Surface temperature 
field: 
Profile peaky 
less pronounced almost plateau at almost plateau at x 
peak x direction and y direction 
Max 1750 T 1550 T 1150 T 1050"C 
temperature 
IIAZ shape arc shaped arc shaped arc shaped 
flat with rounded 
edges 
Surface 
surface melting surface melting uniform uniform martensite ruicrostructure inartensite 
Surface 
non uniform profile non uniform uniform profile uniform profile rnicrohardness p ofile I I 
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V. 6. Figures 
(a) 
(c) 
Chapter V 
(b) 
(d) 
Figure V. I. Calculated 3D surface temperature profile (z--O) during laser hardening of 
BS 080A40 carbon steel using with 500 W incident beam, 3 mm/s beam traverse velocity 
and customised heat source profiles: 
(a) "Near Gaussian" heat source profile 
(b) "Top hat" heat source profile 
(c) "CL" heat source profile 
(d) "CLTI" heat source profile 
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Figure V. 2. Calculated temperature rise over position in transverse direction (y) on the 
workpiece surface (at x=O and z=O) produced during laser hardening of BS 08OA40 
carbon steel using 500 W incident beam, 3 in A beam traverse velocity and customised 
heat source profiles: 
(a) "Near Gaussian" heat source profile 
(b) "Top hat"' heat source profile 
(c) "CL" heat source profile 
(d) I'CLTV heat source profile 
, 
A. Ttimartomo 
(a) 
Cftapter V 
(b) 
, case depth 
00 
tbne. SE time. S 0-5 1 1.5 2 2-5 3 3.5 
(c) 200 
0.5 1.5 2 2.5 3 3.5 4 
(d) 
Figure V. 3. Calculated temperature rise over time in longitudinal direction (x) on the 
workpiece surface and casedepth (at y=O) during laser hardening of BS 080A40 carbon 
steel using 500 W incident beam, 3 mm/s beam traverse velocity and customised heat 
source profiles: 
(a) "Near Gaussian" heat source profile 
(b) "Top hat" heat source profile 
(c) "CU heat source profile 
(d) "CLTI" heat source profile 
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Figure VA Calculated heating-cooling rates over time (at the base of HAZ and Y=O) 
during laser hardening of BS 080A40 carbon steel using "near Gaussian" and "CLTI" 
heat source profiles, 500 W incident beam, 3 mm/s beam traverse velocity 
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Figure V. 6. HAZ produced by laser hardening of 
BS 08OA40 low alloy steel using 500 W 
incident beam, 3 nini/s beam traverse velocity and customised 
heat source profiles: 
(a) "Near Gaussian" heat source (c) -CU' 
heat source 
(b) "Top hat" heat source (d) "CU11" 
heat source 
(Etched in 2% nital) 
Legend: 
(i) Re-solidilied layer (iii) Mixed of martensite and pro-eutectoid 
ferrite 
(ii) Martensite (V) Base material (pearlite and 
ferrite) 
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Figure V. 9. HAZ hardness prorile produced by using "Cl, " beat source profile, 500 W 
incident beam, 3 nim/s beam traverse velocity 
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Figure V. 10. IJAZ hardness prortle produced by using "CUIT' heat source profile, 500 
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Figure V. 11. Comparison between calculated and experimental HAZ produced by using 
"near Gaussian" heat source profile, 500 W incident beam, 3 mm/s beam traverse 
velocity 
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Figure V. 12. Comparison between calculated and experimental HAZ produced by using 
"top hat" heat source profile, 500 W incident beam, 3 mm/s beam traverse velocity 
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Figure V. 13. Comparison between calculated and experimental HAZ produced by using 
"CL" heat source profile, 500 W incident beam, 3 mm/s beam traverse velocity 
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Figure V. 14. Comparison between calculated and experimental HAZ produced by using 
"CLT1" heat source profile, 500 W incident beam, 3 mm/s beam traverse velocity 
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Laser Hardening of BS 080A40 Carbon Steel with Different 
Carbon Diffusion Distances 
VIA. Introduction 
This chapter describes the laser hardening experiment of BS 080A40 carbon steel, 
carried out in order to study the carbon diffusion process in different diffusion 
distances treated using different heat source profiles and processing parameters with 
the aim to achieve a uniform hardening profile in the surface. The heat source profiles 
employed were: "top hat" represented the traditional heat source profile and "CLT2" 
as a custornised heat source profile. The processing parameters were the incident laser 
beam power of 500 W and beam traverse velocity of 1 mm/s, 2 mm/s and 3 mm/s. 
The workpiece was pre-heat treated by normalising process, in order to obtain 
Variations in carbon diffusion distances, i. e. pearlite lamellae space and pro-eutectoid 
ferrite grain size, as explained in chapter III, section 111.3.1.1. 
VI. 2. Experimental Background 
The rapid heating-cooling cycle of laser hardening using traditional heat source 
profile makes treatment of steels with coarse structure having large carbon diffusion 
distance microstructure unfavourable since a longer soaking time is required for 
complete carbon diffusion "'. Therefore, it is difficult to optimise the process since 
the heat source profile and so the temperature distribution in the work-picce, cannot 
normally be sufficiently controlled to allow more austenite homogenisation time 
while avoiding surface melting 111. Nevertheless, by applying custornised heat source 
profile, it is now feasible to obtain more ideal temperature distribution in the 
(2,3) workpiece thus resolving the problem 
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V1.3. Results and Discussion 
V1.3.1. Theoretical Results 
V1.3.1.1. Theoretical Temperature Distribution 
The theoretical temperature distribution (AT(x, y, z)) calculated from using "top hat" 
and "CLT2" heat source profiles and different processing parameters, i. e. laser beam 
power (P) and beam traverse velocity (V), was calculated using equation 111.13 
explained in chapter III. 
The use of "top hat" heat source profile was predicted to produce a rounded surface 
temperature profile (figure VI. la). An almost plateau surface temperature profile was 
expected by using the "CLT2" heat source profile (figure VI. lb). 
Figure VI. 2a and VI. 2b show the predicted heating cycle at longitudinal direction on 
the workpiece surface during laser hardening experiment employing "top hat" and 
"CLT2" beam profile respectively, with 500 W incident time and 3 mm/s beam 
Velocity. The application of "CLT2" heat source profile was predicted to produce 
higher average heating rate, i. e. 750 'C/s, than by using "top hat" heat source, i. e. 620 
'C/s. This higher heating rate might lead to the faster carbon diffusion during pearlite 
to austenite transformation. It is also predicted that "CLT2" heat source profile 
produced a heatcycle which hold the process temperature within the full austenitic 
temperature range (9 10 'C- 1495 'C) for 2.0 s compared to 1.2 s by using the "top-hat" 
heat source profile, an increase of approximately 60 %. This would provide more time 
for austenite homogenisation process that lead to more formation of uniform 
martensitic structure in the surface. 
VI. 3.1.2. Theoretical Carbon Diffusion 
The carbon diffusion controlled structural changes during laser hardening of BS 
080A40 carbon steel are: the transformation of pearlite to austcnite and the 
homogenisation of austenite. 
VI. 3.1.2.1. Transformation of Pearlite to Austenite 
The dissolution of pearlite during transformation of pearlite to austenite depends on 
carbon diffuses out from iron carbide (Fe3C) into the adjacent ferrite E41. The time 
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required for pearlite dissolution (t) for different carbon diffusion distances, i. e. 
pearlite lamellae spaces (), ) was calculated using equation 111.3 explained in chapter 
III. 
Table VIA gives the predicted time required to finish pearlite dissolution and so 
austenite transformation during laser hardening process with different pearlite 
lamellae spaces, treated with "top hat" and "CLT2" heat source profile, 500 W 
incident beam and 3 mrn/s beam velocity. 
Table VIA. Calculated time required to complete pearlite dissolution during laser 
hardening of OSOA40 with different diffusion distances, treated with "top hat" and 
IICLT2'I beat source profile, 50OW incident beam power and 3mm/s beam traverse 
Velocity. 
Sample Pearlite lamellae space Pearlite dissolution time (ms) 
id (Prn) "Top hat" IICLT2'I 
080A40-a 0.05 0.00137 0.000966 
08OA40-b 0.10 0.00716 0.004830 
08OA40-c 0.40 0.07200 0.049200 
The use of "CLT2" heat source profile introduced faster pearlite dissolution time than 
by employing "top hat" heat source profile. It was calculated that it took on average 
31 % faster for pearlite to dissolve completely by using "CLT2" heat source profile 
than by applying the "top hat" heat source profile. This rapid pearlite dissolution time 
was contributed by the higher heating rate for "CLT2" since it has higher front 
intensity than "top hat". 
VI. 3.1.2.2. Hornogenisation of Austenite 
As the processing temperature increases over AC3, austenite grains with different 
concentrations of carbon are adjacent to each other. Carbon diffusion occurs from 
[51 grains with high carbon concentration to those with low carbon concentration 
Time required to finish the austenite homogenisation process (t) with vary carbon 
diffusion distances, i. e. average diameter of pro-eutectoid ferrite grains (k), was 
calculated using equation 111.5 described in chapter Ill. 
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Table VI. 2 shows the calculated austenite homogenisation time required for different 
average pro-eutectoid ferrite diameters. The austenite homogenisation time has linear 
relationship with the average pro-eutectoid ferrite diameter. More time is required to 
finish the austenite homogenisation process as the average pro-eutectoid ferrite 
diameter increases. 
Table VI. 2. Calculated austenite homogenisation time required for 080A40 steel with 
different starting microstructure 
Average pro-eutectoid ferrite Austenite 
Sample 
diameter homogenisation time 
id (Pm) time (s) 
08OA40-a 8 0.46 
080A40-b 12 1.05 
080A40-c 40 11.63 
Table VI. 3 shows the predicted austenite homogenisation time and its critical ferrite 
diameter for different beam traverse Velocities. The predicted austenite 
homogenisation time (t = x/v) was calculated using equation 111.13 described in 
chapter III for different beam traverse velocities (V) at position of y=0 and z=0, and 
indicated as the temperature above AC3. i. e. 790 'C during the heating cycle. As 
explained in section VI. 3.1.1., the surface heating cycle for operating parameters of 
500 W incident beam power, 3 mm/s beam traverse velocity and "top hat" and 
"CLT2" heat source profiles is illustrates in figure VI. 2. The austenite 
homogenisation time (t) described above was then used in equation 111.5 chapter III to 
calculate the critical pro-eutectoid ferrite diameter (k). The critical pro-eutectoid 
ferrite diameter is defined as the allowance maximum diameter of pro-eutectoid 
ferrite that converts to austenite and simultaneously after cooling, transforms 
diffusionlessly to martensite. 
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Table V1.3. Calculated austenite homogenisation time (t at T>790 *C) during laser 
hardening process with 500 W incident beam power, different beam traverse velocities 
and its predicted critical pro-eutectoid ferrite size. 
Beam traverse 
Velocity 
Austenite homogenisation 
time (s) 
Critical ferrite diameter 
(PM) 
(mmIs) "Top hat" "CLT2" "Top hat" "CLT2" 
3 1.2 2.0 11 17 
2 1.8 3.8 1 23 
1 4.0 7.9 25 33 
The use of "CLT2" heat source profile introduced longer austenite homogenisation 
time allowing larger pro-eutectoid ferrite and so austenite grain diameter to be 
transformed diffusionlessly to martensite upon rapid cooling, than by using the "top- 
hat" heat source profile. The longer austenite homogenisation time calculated for the 
"CLT2" heat source profile was attributed to the decreasing of beam intensity profile 
along the beam direction to keep the temperature above AC3. 
It was calculated for processing parameter of 500 W incident beam, 3 mm/s beam 
traverse Velocity that by applying "top hat" and "CLT2" heat source profile resulted 
in 1.2 s and 2.0 s homogenisation time respectively, hence providing 11 gm. and 19 
ýtrn critical ferrite diameter respectively. 
Table VIA shows the distribution of pro-eutectoid ferrite grain diameter in 080A40 - 
c steel. This was carried out by examining 40 pro-eutectoid ferrite grains at one 
location in the microstructure of 08OA40-c steel, then measured the average diameter 
for each grain. As calculated previously in table VI. 3, the critical pro-eutectoid ferrite 
diameter for "top-hat" and "CLT2" were 25 and 33 Itm respectively treated with I 
mm/s beam traverse velocity. It was predicted about 35% and 50% of pro-eutectoid 
ferrite on the laser treated zone transforms to martensite during laser hardening with 
50OW incident beam, 1 mm/s traverse velocity employing "top hat" and "CLT2" heat 
source profile correspondingly. The prediction percentage of pro-eutectoid ferrite 
transforms to austenite and subsequently to martensite in 080A40 -c steel for 
processing parameters of 500 W and different beam traverse velocities is shown in 
table VI. 5 
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Table VIA Data distribution of pro-eutectoid ferrite grain diameter in 080A40-c 
Pro -eutectoid ferrite 
diameter (gm) 
Number Cumulative 
Percentage 
Cumulative 
11 2 2 5 
16 to 12 30 
25 2 14 35 
33 6 20 50 
44 4 24 60 
50 2 26 65 
55 4 30 75 
61 2 32 SO 
66 4 36 90 
73 4 40 100 
Table VI. 5. Predicted percentage of pro-eutectoid ferrite transform to austellite 
subsequently to martensite treated with 50OW incident beam, sample id 08OA40-c 
Beam traverse 
velocity 
Percentage of pro-eutectoid ferrite transform to martensite 
(%) 
(nu-n/s) "Top hat" heat source Cl, T2 " heat source 
3 5 30 
2 30 35 
1 35 50 
VI. 3.2. Experimental Results 
VI. 3.2.1. Microstructure 
Figure VI. 3 and VI. 4 show the HAZ treated with "top-hat" and "Cl-T2" heat Source 
profile respectively. None of the HAZ has uniform martensitic Structure oil the 
surface since the homogenisation time occurred during the process was not cnoLloh to 
assure a fully austenite homogenisation. However, for the same process parameter - 
incident power and beam traverse velocity, the use of "CLT2" heat soul-cc profile 
produced more uniform martensitic structure on the surface, because it provided more 
homogenisation time than the use of "top-hat", as predicted in table V1.3. More Z: I 
homogenous martensitic structure was also achieved by lowering the beam traverse C, 1ý 
velocity for each applying heat source profile since it also provided more 
homogenisation time. 
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V1.3.2.2. Microhardness 
The use of "CLT2" heat source profile produced in higher and more even hardness 
profile than by employing the "top hat" (figure VI. 5). Maximum hardness is 640 and 
560 HVIO. 3 for the use of "CLT2" and "top-hat" heat source profile respectively. As 
observed previously, the use of "CLT2" heat source profile resulted in more uniform 
martensite structure on the surface than the use of "top-hat" heat source profile, hence 
producing higher and more even surface hardness profile. 
VI. 3.3. Correlation between Theoretical and Experimental Results 
The comparison between calculated and experimental HAZ produced by applying 
different heat source profiles are illustrated in figure VI. 6 and VI. 7. Table VI. 6 
summaries the HAZ dimension resulted from theoretical and experimental work. The 
theoretical results were in a good agreement with the experimental ones. Therefore, 
this good agreement suggests that the actual temperature distribution and heatcycle 
occur in the workpiece during the experiment is comparable with the theoretical 
temperature distribution and heatcycle, thus validating the approach. 
Table VIA HAZ dimension comparison between theoretical and experimental treated 
using different beat source profile, 50OW incident beam, 3mm/s beam traverse velocity 
Heat Source Depth of IIAZ (mm) Theoretical Width of IIAZ (mm) Theoretical 
Profile Theoretical Experimental Error (%) Theoretical Experimental Error (%) 
"Top hat" 0.78 0.79 1.2 3.83 4.05 5.7 
IICLT2" 0.69 0.76 8.5 4.24 4.15 2.1 
VIA Chapter Summary 
The ideal temperature profile obtained through the use of the "CLT2" heat source 
profile allows the carbon diffusion to be controlled in order to obtain a more 
homogenous austenitic transformation, therefore a more uniform martensitic structure 
was observed in the surface, thus producing higher and more even hardness profile. 
The summary of chapter VI is listed in table VIA 
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Figure VL1. Calculated 3D surface temperature profile (at z= 0) during laser hardening 
of 080A40 carbon steel, treated with 500 W incident beam, 3 mm/s beam traverse 
velocity and: 
(a) "Top hat"' heat source profile, 
(b) "CLT2" heat source profile 
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Figure VI. 2. Calculated surface heating cycle (at y=0 and z= 0) during laser hardening 
of 080A40 carbon steel treated with 500 W incident beam, 3mm/s beam traverse 
velocity: 
(a). "Top hat" heat source profile; 
(b). "CLT2" heat source profile. 
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Figure VIA HAZ of 08OA40-c carbon steel treated with "top hat" heat source profile, 
500 W incident beam, and beam traverse velocities of: 
(a) linni/s (c) 3mm/s 
(b) 2ninVs 
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Figure VIA HAZ of 080A40-c carbon steel treated with IICI, T2" heat source profile, 
500 W incident beam, and beani traverse velocities of: 
(a) I mm/s (c) 3nini/s 
(b) 2mni/s 
(Etched in 2% nital) 
Legend: 
0) martensite (light) 
00 retained pro-eutectoid ferrite (dark) 
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Laser Hardening of 817M40 Low Alloy Steel 
VII. I. Introduction 
This chapter describes the laser hardening experiment of BS 817M40 low alloy steel 
carried out to study the heat flow and microstructural transformation occurred by 
using different heat source profiles and processing parameters. The heat source 
profiles employed during the experiment were a traditional "near Gaussian" heat 
source profile and customised heat source profile "CLT2" heat source profile, while 
the processing parameter used were incident beam power of 300 W, 400 W and 500 
W; and beam traverse velocity of I mni/s, 2 mm/s, 3 mm/s, 4 mm/s and 5 mm/s. 
VII. 2. Experimental Background 
Martensite and alloy carbides are the hardest phases in the steel microstructure. 
Martensite and alloy carbide (Cr and Mo carbide) hardness value are about 800 H, 
and 1200 H, respectively 111. Therefore, steels contain martensite and alloy carbides 
have an exceptional resistance of abrasive wear, as this is their most important 
properties, and a very high compressive strength Ell. However, the steel is too brittle 
for applications needing a combination of high hardness and toughness, impact 
resistance and tensile strength (21 . Hence, in order to improve these properties, the 
steel requires retreating. For martensitic steel, hardening is always followed by 
tempering Ell. Whereas carbides need to dissolve completely during the heating cycle 
in the hardening process to improve the ductility and toughness of the steel 131 . The 
aim of this experiment is to achieve a uniform martensitic structure without the 
presence of un-dissolved carbide and surface melting. 
VII. 3. Results and Discussion 
In order to optimise the process by obtaining the most rectangular HAZ, it was found 
that a set of operating parameter of 500 W incident beam power and 3 mm/s beam 
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traverse velocity was required. Therefore, this set of operating parameter was used for 
results comparison among heat source profiles. 
VILM. Theoretical Results 
The theoretical temperature distribution (AT(x, y, z)) resulting from heating using 
"near Gaussian" and "CLT2" heat source profiles and different processing 
parameters, i. e. absorbing laser beam power (P) and beam traverse velocity (v), was 
calculated using equation 111.13 explained in chapter 111. 
VII. 3.1.1. Theoretical Temperature Distribution 
Laser hardening using of "near Gaussian" heat source profile was predicted to 
produce a cone shaped surface temperature distribution (figure VII. I a). An almost flat 
surface temperature distribution was expected by using the "CLT2" heat source 
profile (figure VII. lb). 
It was calculated that by employing the "near Gaussian" heat source profile, the 
surface temperature increased over melting point (1400 'C) until reaching the 
maximum point at 1700 'C, then cooling immediately. As a consequence, this heating 
cycle may produce an area of surface melting in the centre of HAZ. In addition, a 
peaky surface temperature profile may result in insufficient time (1.3 s) for carbide to 
dissolve completely (figure VII. 2a), therefore more un-dissolve carbide would be 
predicted in the final microstructure compared if using the "CLT2" heat source profile. 
The surface temperature profile produced by "CLT2" heat source profile was held 
relatively constant at about 1000 - 1150 'C, by reducing the heat source intensity 
toward the back of the beam relative to the beam traverse direction. This enables 
surface melting to be avoided whilst allowing more time (2.0 s) for carbide 
dissolution (figure VII. 2b), producing a more uniform surface martenstic structure in 
the final microstructure. A fairly constant surface temperature profile in the transverse 
direction was achieved by lowering the heat source intensity at the centre line (y=O). 
This may cause a more rectangular HAZ. 
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The predicted maximum cooling rates in the base of HAZ (figure VII. 3) by using the 
"near Gaussian" and the "CLT2" heat source profile were 420 'C/s and 230 *C/s 
respectively and achieved at temperature of 620 'C and 540 OC respectively. These 
predicted cooling rates may still produce martensitic structure in the HAZ since the 
critical cooling rate for 817M40 low alloy steel is 5 'C/s as shown in the CCT 
diagram (figure VIIA). 
V11.3.1.2. Theoretical Carbide Dissolution 
The presence of strong carbide forming elements (Cr, Mo) in 817M40 steel would 
form Cr and Mo carbides in preference to cementite (Fe carbide) [4) . These alloying 
elements which form carbides have substantially higher enthalpies of formation than 
cementite. The dissolution of alloy carbide begins at the critical transfon-nation 
temperature - 700 OC. The kinetics of alloy carbide (Cr & Mo) dissolution is 
controlled by the rate of Cr and Mo diffusion in austenite [41 . The diffusivity of Cr & 
Mo in austenite is several orders of magnitude less than carbon. Therefore, the 
dissolution Cr carbide and Mo carbide is expected to finish in longer period than 
cementite and so at higher temperature [41 . 
The finishing temperature (T) and time (t) required for carbide dissolution with 
diffusion distance, i. e. average carbides diameter of (?, ), was calculated using equation 
111.3 explained in chapter 111. 
It was calculated that the dissolution of Cr and Mo carbides (with average carbides 
diameter) would be completed at 1610 OC and 1740 OC respectively. Furthermore, it 
would take about 1.60 s and 1.89 s to finish the dissolution of Cr and Mo respectively 
(table VILI). As a consequence, by applying "CLT2" heat source profile, a 
homogenous martensitic structure was predicted in the surface since there was 
sufficient time (2.0 s) for alloy carbide to dissolve completely. Whilst some un- 
dissolved alloy carbides on the surface would be expected by employing the "near 
Gaussian" heat source profile due to limited time provided (1.3 s). 
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Table VII. 1. Dissolution temperature and time of alloy carbides 
Dissolution Temperature of Cr-Carbide Dissolution Time 
Start ('Q Finish ("C) of Cr-Carbide (s) 
700 1610 1.60 
Dissolution Temperature of Mo-Carbide Dissolution Time 
Start (OC) Finish (*C) of Mo-Carbide (s) 
700 1740 1.89 
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VII. 3.2. Experimental Results 
VII. 3.2.1. Shape of HAZ 
The temperature distribution and heatcycle prediction discussed in section VII. 3.1. 
produced the HAZ as shown in figure VII. 5. 
The use of a "near Gaussian" heat source profile produced a deeper and arc-shaped 
HAZ with maximum depth of 960 ýtrn below the surface (figure VII. 5a). Whilst a 
more rectangular and shallower HAZ was resulted by applying the "CLT2" heat 
source profile with maximum depth of 660 grn below the surface (figure VII. 5b). In 
addition a molten area was observed on the HAZ surface for "near Gaussian". 
By applying the "near Gaussian" heat source profile, the surface temperature 
increased over melting point (1400 'C) until reaching the maximum temperature 
(predicted: 1700 'Q before immediately cooling down. As a consequence, it 
produced a deeper HAZ and a molten area on the surface (maximum depth of 130 
gm). 
By applying "CLT2" heat source profile, the irradiated zone was held relatively 
constant in the austenitic temperature range i. e. between 700 'C - 1400 'C. The 
maximum surface temperature was predicted to be 1100 'C. Hence, it resulted in a 
shallower HAZ. In addition, the use of "CLT2" heat source profile compensated the 
lateral heat conduction losses at the transverse direction, hence producing a more 
rectangular HAZ. 
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VII. 3.2.2. Microstructure 
Figure VII. 6 illustrate the SEM micrograph of 817M40 low alloy steel after the laser 
treatment using "near Gaussian" (figure VII. 6a) - taken at a point just before the 
molten area and "CLT2" heat source profile (figure VII. 6b) - taken on the surface. 
The light etched structure on the micrograph after laser treatment shows fine 
martensitic structure. Whilst the dark structure illustrates retained austenite indicating 
presence of un-dissolved carbide. 
The use of "near Gaussian" heat source profile gave insufficient time (1.3 s) for the 
alloy carbides to dissolve completely resulting in some alloy carbides remain on the 
final microstructure (figure VII. 6a). Whereas heating using the "CLT2" heat source 
profile keeping the surface temperature constantly above transformation temperature 
(700 'C) for 2.0, providing adequate time for carbides to dissolve completely allowing 
the formation of a uniform surface martensitic structure, thus indicating the 
improvement of process (figure VII. 6b). 
VII. 3.2.3. Microhardness 
Figure VII. 7 and VII. 8 illustrate the hardness profile of HAZ resulted by heating 
using the "near Gaussian" and the "CLT2" heat source profiles respectively. 
A flat maximum hardness profile at approximately 1000 HVO. 3 was produced by both 
the "near Gaussian" and "CLT2" heat source profiles. In addition, the use of 66near 
Gaussian" heat source profile gave sudden decreased in hardness to 600 HVO. 3o 
commencing at 200 gin. depth to the HAZ surface (figure VII. 7). Heating using 
"CLT2" heat source profile resulted in a flat hardness profile at 1000 HVO. 3 to 300 gm 
depth then gradually decreased and flattens at 800 HVO. 3 as approaching the HAZ 
surface (figure VII. 8). 
A uniformly distributed hardness profile is observed over the HAZ depth since by 
applying the "near Gaussian" and the "CLT2" heat source profiles produced a mixed 
structure of partially dissolved alloy carbides in martensitic matrix in most parts of the 
HAZ. The sudden decrease in the surface hardness found by heating using "near 
Gaussian" heat source profile was caused by the presence of surface molten area. 
Whilst the complete dissolution of alloy carbides and formation of homogenous 
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martensite on the surface accounted for the decrease of surface hardness produced by 
heating using "CLT2" heat source profile. 
VII. 3.3. Correlation between Theoretical and Experimental Results 
The comparison between calculated and experimental HAZ is illustrated in figure 
VII. 9. Whilst table VII. 2 summaries the HAZ dimension resulted from theoretical and 
experimental work. 
Table VII. 2. HAZ dimension comparison between theoretical and experimental treated 
using different heat source profile, 50OW incident beam, 3mm/s beam traverse velocity 
Heat Source Depth of IIAZ (mm) Theoretical Width of IIAZ (mm) Theoretical 
Profile Theoretical Experimental Error (%) Theoretical Experimental Error 
"Near 
Gaussian" 
1.12 1.16 3.6 3.76 3.86 2.6 
IICLT211 0.70 0.74 5.4 4.18 4.30 2.9 
VIIA Chapter Summary 
By carefully control the heat flow and temperature profile in the workpiece, the 
ductility and toughness of an alloy steel can be improved through fully dissolving of 
alloy carbide during heating cycle in the hardening process. 
The use of "CLT2" heat source profile produced a more ideal temperature distribution 
in the workpiece than by using the traditional "Gaussian" heat source profile, by 
holding the temperature long enough above the transformation point, allowing more 
time for alloy carbide to dissolve completely as the homogenous martensitic structure 
can be obtained without surface melting. This produced an alloy steel with high 
surface hardness and high ductility. 
The general summary of chapter VII is shown in table VII. 3. 
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V11.6. Figures 
(a) 
C4ter VII 
(b) 
Figure VII. I. Calculated 3D surface temperature profile (z--O) during laser hardening of 
BS 817M40 low alloy steel using with 500 W incident beam, 3 mm/s beam traverse 
velocity and customised heat source profiles: 
(a) "Near Gaussian" heat source profile, 
(b) "CLT2" beat source profile 
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Figure VIL2. Calculated temperature rise over time at different depths (surface and 
base of HAZ, at y= 0) during laser hardening of BS 817M40 low alloy steel using 500 W 
incident beam, 3 mm/s beam traverse velocity and customised heat source profiles: 
(a) "Near Gaussian" heat source profile 
(b) "CLT2" heat source profile 
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Figure VIIJ. Calculated heating-cooling rate over position (at the base of HAZ and y=O) 
during laser hardening of BS 817M40 low alloy steel using "near Gaussian" and 
"CLT2" beat source proirdes, 500 W incident beam, 3 mm/s beam traverse velocity. 
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Figure VIL4. Continuous cooling transformation (CCT) diagram of BS 817M40 low 
alloy steel 
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Figure VII. 5. HAZ produced by laser hardening of BS 817M40 low alloy steel tising 5(H) 
W incident beam, 3 mm/s beam traverse rate and customised heat source profiles: 
(a) "Near Gaussian" heat source profile; 
(b). "CLT2" heat source profile 
(Etched in 2% nital) 
Legend: 
(i) Re-solidified laver 
(ii) Martensite and un-dissolved carbides 
(iii) Base material (niartensite, ferrite, carbides) 
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(a) (b) 
Figure VIIA SENI inicrostructure of 817M40 low alloy steel treated using treated with 
500 W incident beam, 3 nuu/s beam traverse rate and (a) "Near Gaussian" heat source 
profile; (b). "CL'F2" heat source profile, (Etched in 2% nital) 
Light structure: fine martensite 
Dark structure: retained austenite indicating presence of un-dissolved carbide 
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Figure V11.7. HAZ hardness profile produced by laser hardening of [IS 817, N140 IoNs 
alloy steel using "Near Gaussian" heat source prorile, 500 W incident beant, 3 ininks 
beam traverse velocity 
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Figure V11.8. HAZ hardness prorile produced by laser hardening of' BS 817, N140 Ims 
alloy steel using "CLT2" heat source prortle, 500 W incident beam, 3 nIIII/s hcam 
traverse velocitv 
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Figure VII. 8. HAZ hardness prorile produced by laser hardening of' BS 817M40 low 
alloy steel using "CLT2" heat source profile, 500 W incident beam, 3 nuu/s bc. 1111 
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Figure V11.9. Comparison between calculated HAZ and experimental results produced 
by laser hardening of BS 817M40 low alloy steel using 500 W incident beam, 3 mmis 
beam traverse rate and customised heat source profiles: 
(a) "Near Gaussian" heat source profile; 
(b). "CLT2" heat source profile 
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Laser Multipass Hardening of BS 080A40 Carbon Steel 
VIII. I. Introduction 
This chapter describes the experiment carried out in order to study the back tempering 
phenomenon occurring in between two passes during laser hardening of large surface 
area treated using different heat source profiles. The workpiece treated was 08OA40 
carbon steel with initial microstructure: ferrite and pearlite, while the microstructure 
after first hardening was uniform martensite in centre of HAZ and mixed of 
martensite and ferrite in the HAZ boundary. The heat source profiles used were "top 
hat" represented the traditional heat source profile and "CLT 1" as a customised heat 
source profile. Since an almost rectangular HAZ could be obtained by applying the 
process parameter of 500 W incident beam power and 3 mm/s beam traverse velocity 
as discussed in chapter IV, thus this set of processing parameters were used in this 
experiment for results comparison between heat source profiles. The experiment was 
conducted with three different distance setups in between 2 passes, i. e. 3.5 mm, 4 mm 
and 4.5 mm distance between centres of the Pt pass to centre of the 2 nd pass (figure 
VIII. 1). 
V111.2. Experimental Background 
Traditionally for laser hardening, a high energy density is obtained over a small 
surface area, usually less then 10 mm, several multi-pass tracks are made to cover the 
larger surface area resulting in a non-uniform hardening profile and lower hardness at 
the overlap area due to back tempering (1,21 . Hence, it is difficult to optimise the 
process since the heat source profile and so the temperature distribution in the work- 
piece, cannot normally be sufficiently controlled. By applying a customised heat 
source profile, it is now feasible to obtain more ideal temperature distribution in the 
workpiece that can reduce this problem [31 . Thus, the aim of this experiment is to 
minimise the back tempering effect occurring during laser hardening of large surface 
area. 
A-Týimartomo Chapter VIII 
V111.3. Tempering of Martensite 
[4,51 
Martensite formed upon rapid cooling in medium and high carbon steel is not stable 
kinetically at room temperature because its interstitial carbon atoms trapped in the 
tetragonal structure induce high stress. As the energy applied by heating from 80 'C 
up to 210 'C, the carbon atoms start to diffuse out from the tetragonal martensitic 
lattice and precipitated as epsilon carbide (F, -carbide). Over 210 OC, e-carbide 
transforms to cementite (Fe3C) while the low carbon martensite loses its tetragonal 
structure to become BCC ferrite. The growth of cementite and ferrite continue until 
about 700 'C, as cementite coarsens. When the temperature exceeds 720 'C, cementite 
loses its crystallographic morphology, becoming spheroidized. Just before the critical 
transformation temperature, the final structure is an array of ferrite grains with coarse 
spheriodized particles of cementite. The transformation products of rapid heating of 
martensite is summarised in figure VIII. 2. 
VIIIA Results and Discussions 
VIIIAL Theoretical Heatcycle 
The tempering effect begins when the workpiece is reheated above 80 'C. However, 
when tempering above 210 OC the hardness reduces significantly since the martensite 
loses its tetragonality and becomes BCC ferrite. Therefore, the 210 'C is the critical 
temperature during tempering of carbon steel [4] . Figure V111.3 shows calculated 
heatcycles in y direction (transverse direction, perpendicular to beam direction) 
generated during laser treatment of BS 080A40 carbon steel employing "top hat" and 
"CLTI" heat source profiles. Narrower heatcycle span at 210 'C was predicted by 
employing "CLT1" heat source profile (7.6 min) than by using "top hat" heat source 
profile (8.4 mm). This might influence the severity of tempering effect when the 
heatcycle is applied adjacent to a previously hardened track. 
Figure VIIIA, VIII. 5, VIII. 6 show the calculated 2 nd pass heatcycle in y direction and 
its thermal experience on the 1" pass for distance setup of 3.5 mm, 4.0 mm and 4.5 
mm. respectively. For all distance setups, the use of "CLT1" heat source profile was 
predicted to produce wider remaining unifon-n martensitic structure on the Is' pass 
(reheated < 210 'C), hence minimised the back tempering effect, than by applying the 
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"top hat" heat source profile. This occurs since the "CLTI" heat source profile has 
narrower heatcycle span than "top hat" heat source profile. Lesser back tempering 
effect would be achieved if using heat source profile which produced narrower 
heatcycle span in y direction. Furthermore, by widening the distance between two 
passes, obviously resulted in less back tempering on the Ist pass. The summary of 
predicted back tempering effect on the lst pass is listed in table VIIIA. 
Table VIII. I. Summary of predicted back tempering effect on the ls'pass 
Heat Source 
Profile 
Distance between passes 
( in) 
Non Tempering, T<80 *C 
(EM) 
Remaining MartensiteT<2100C 
(pm) 
"Top hat" 3500 0 1300 
4000 200 1800 
4500 800 2100 
"CLU" 3500 400 1600 
4000 1000 2300 
4500 1600 2700 
VIIIA2. Experimental HAZ and Microhardness 
The HAZ and its rnicrohardness taken along the surface are shown in figure VIII. 7, 
VIII. 8 and VIII. 9 for 3.5 mm, 4.0 mm and 4.5 mm distance setups respectively. The 
( --- ) line suggests the corresponding area was reheated at 210 'C represent the 
boundary of martensite presence. While the (-) indicates the boundary of the I" pass 
HAZ. 
The "CLT 1" heat source profile resulted in less back tempering effect on the 0 pass 
than using the "top hat" heat source profile. For distance setup of 3.5 mm, the 
remaining martensitic in the first pass, which was reheated to 210 'C and indicated by 
hardness value between 800 H, - 700 H, (figures VIII. 2), is 1300 Am and 1500 Am 
for "top hat" and "CLTI" heat source profile respectively. As the distance between 
two passes widen to 4 mm and 4.5 mm respectively, for all heat source profiles 
applied, the back tempering effect on the first pass HAZ decreased, hence the area of 
remaining martensite increased noticeably. 
However, the back tempering effect can not be eliminated entirely since the multiple 
successive passes always induce a thermal experience in the previous pass. Yet, this 
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completely reduction in hardness is not necessarily undesirable since during 
application of this hardened material, the reducing hardness allows space for oil and 
wears debris [21 . 
The "CLTI" heat source profile has lower intensity (dipping) in the y direction in 
order to compensate the lateral heat loss during its application on laser heat treatment. 
Therefore, it produces narrower heatcycle span that contributes to the less back 
tempering effect on the adjacent pass. This also produces a more rectangular HAZ as 
discussed in the previous chapter. 
V111.4.3. Comparison of calculated and experimental results 
The predicted results on remaining martensite were relatively matched with the 
experimental ones, as shown in table V111.3. 
Table V111.3. Comparison of predicted and experimental results 
Remaining Martensite, T<210'C (pm) 
Heat Source 
Profile 
Distance between passes 
(Hm) Predicted 
Experimental 
"Top hat" 3500 1300 1300 
1 4000 1800 1500 
4500 2100 1900 
"CLU" 3500 1600 1300 
4000 2300 2000 
4500 1 2700 2600 
V111.5. Chapter Summary 
By custornising heat source profiles, the ideal temperature on the workpiece can be 
achieved; therefore, the desired surface mechanical properties can be obtained. The 
"CLT1" heat source profile has lower intensity in the centre of transverse direction, 
perpendicular to beam direction, to compensate the transverse heat conduction loss 
during its application. Hence, it produces narrower transverse heatcycle span that 
minimise the thermal experience on the previous hardened track, therefore reducing 
the back tempering effect. The summary of chapter VIII is shown in table VIIIA 
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Table VIIIA Summary of laser multipass hardening of BS 080A40 carbon steel 
"Top hat" heat source profile "CLTV heat source profile 
" Transverse 0 Uniforn-4 flat 0 Lower at centre 
Intensity profile 
" Predicted 0 Wider heatcycle span at 2 10 oC, 0 Narrower heatcycle span at 2 10 oC, i. e. 
Heatcycle i. e. 8.4 mm 7.6 nun 
" Predicted IIAZ of 0 Narrow area reheated < 210 oC 0 Wider area reheated <2 10 oC 
I st pass 
" Experimental 0 Narrower remaining martensite 0 Wider remaining martensite area 
IIAZ of Ist pass area 
" Hardness profile 0 Wider reduce hardness in 0 Less reduce hardness in between two 
I between two passes I passes 
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Laser Surface Treatment of BS grade 250 
Pearlitic Grey Cast Iron 
Chap ter IX 
IX. 1. Introduction 
This chapter describes the experiment carried out in order to study the heat flow 
occurring during inter-phase transformation in laser surface treatment of BS grade 
250 pearlitic grey cast iron treated with different process parameters and heat source 
profiles. The heat source profiles employed during the experiment were a "top hat" 
heat source profile which represented a traditional heat source profile and "CLM" 
heat source profile as a custornised heat source profile. While the processing 
parameters were the incident laser beam power of 500 W and beam traverse velocity 
of 1 mm/s, 2 mm/s and 3 min/s. 
IX. 2. Experimental Background 
Grey cast iron usually has good ductility and toughness but poor hardness and wear 
resistance Ell. In many cases, as in camshaft production, surface hardening is 
necessary either by surface solid state transformation, leading to a martensitic 
structure, or by surface melting followed by rapid solidification to produce a fine 
white ledeburitic structure while retaining the initial tough interior [1,21 . The main 
difficulty with this melting process is to produce a re-solidified layer free of cracks. 
Such difficulty could be overcome by careful control of the process heat flow 133 . The 
aim of this experiment is to produce a sufficiently thick, re-solidified layer that is with 
free of cracks and with uniform surface hardness profile. 
IX. 3. Results and Discussion 
IX. 3.1. Theoretical Temperature Distribution 
The use of "top hat" and "CIM' heat source profile for laser surface treatment of 
grey cast iron with operating parameters of: 500 W incident beam power, 1MM/s 
beam traverse velocity, generated surface temperature distributions as illustrated in 
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figure IX. l. The average laser beam irradiance produced by "top hat" heat source 
profile, with 16 mm 2 beam dimension, was 17.19 W/mrn2 which gave a maximum 
surface temperature of 740 'C. This temperature is below the eutectoid point, Le. 790 
OC. Therefore, it was predicted that by applying "top hat" heat source profile, the 
phase transformation would not take place, hence, there was no hardening process. On 
the other hand, higher average beam irradiance of 68.75 W/mM 2 with maximum 
surface temperature of 1508 'C was produced by employing the "CUM" heat source 
profile, with 4 mm2 beam dimension. This maximum temperature was far above the 
eutectic point i. e. 1200 'C. Hence, a relatively thick re-solidified layer was predicted 
in the surface. This higher diffusivity, i. e. combination of higher conductivity and 
lower specific heat capacity, leads grey cast iron to be more heat conductive, i. e. 
diffuses the heat energy faster, than carbon steel [41 . Thus, it requires higher power 
density in order to achieve the phase transformation in the workpiece. 
The use of "CLM" heat source profile with different beam traverse velocities of 1 
mm/s, 2 mm/s and 3 mm/s produced almost similar heat cycle profiles with surface 
maximum temperatures, i. e. 1508 OC, 1485 'C and 1465 'C respectively, as shown in 
figure IX. 2. However, by increasing the beam traverse velocity, thus reducing the 
beam interaction time on the wotkpiece, leads to a rise in the solidification rate. It is 
calculated that the solidification rate for beam traverse velocity of 1 mm/s, 2mm/s and 
3 mints are 810 'C/s, 1675 OC/s, 2410 'C/s correspondingly (table IX. 1). By varying 
the beam traverse velocity would contribute in different microstructures and 
properties on the re-solidified layer. It is predicted that the fineness of the 
n-krostructure increases and so the hardness value along the re-solidified area as the 
beam interaction time decreases (chapter III section 111.1). Conversely, the number of 
cracks has a linear relationship with the solidification rate. 
Table IX. 1. Calculation of solidification rate 
Traverse 
velocity (mm/s) 
T max 
(00 
T eutectic 
(11C) 
AT 
CC) 
t at T 
max (s) 
t at T 
. 
eutectic (s) 
I At 
(s) 
Solidification rate 
(AT/At, IIC/s) 
1 1508 1200 308 1.1 1.48 0.38 810 
2 1485 1200 285 1 0.55 0.72 0.17 1675 
3 1 1465 1 1200 265 0.3 0.41 n 11 2410 
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IX. 3.2. Experimental Results 
IX. 3.2.1. HAZ and Alicrostructure 
HAZ microstructure produced by laser surface melting of pearlitic grey cast iron can 
be divided into three distinct areas (figure IX. 3): 
1. A relatively thick re-solidified area is observed on the surface. Nficrostructure in 
this area comprises of austenite dendrites, Le. dark structure and interdendritic 
ledeburitcs i. e. light structure, (figure IX. 3a). During treatment, this area 
experienced heating at temperature above eutectic point, 1200 
'C, where graphite 
flakes are completely dissolved in the molten ferrous structure. 
2. A mix of martensite with graphite flakes and some remaining ferrite structures is 
found immediately below the re-solidified area (figure IX. 3b). Temperature 
process at this area was between eutectoid (790 OC) and eutectic point (1200 
'C) 
where the pearlite structure from the base material transformed to austenite and 
upon rapid cooling converted to martensite. 
3. Below cutectoid point, the microstructure remains the same as before process, i. e. 
base material (figure IX. 3c). 
Experimental HAZ of laser surface treatment of grey cast iron employing "CLM" heat 
source profile with 500 W incident beam and 1,2,3 mm/s beam traverse velocity is 
shown in figure IXA By increasing the beam traverse velocity clearly resulted in a 
smaller HAZ since the beam interaction time is less therefore less heat was applied in 
the work-piece. 
However, it was observed that by increasing beam traverse velocity, hence decreasing 
the beam interaction time, leads to a finer microstructure as limited time is provided 
for austenite dendrite to grow and coarsen (figure IX. 5). In addition, more cracks are 
found in the re-solidified area resulted by increasing beam traverse velocity, thus the 
solidification rate (figure IXA). 
The solidification crack occurs during the final stage of solidification where dendrites 
have grown into grains that are separated from one another by small amount of liquid 
in the form of grain boundary film 151 . At this 
boundary area, the weld metal, i. e. just 
solidified, is rather weak and so susceptible to crack in the present of tensile stress. 
The tensile stress is induced in the weld metal if it can not contract freely during 
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solidification. The contraction time is affected by solidification rate as the higher 
solidification rate limits the contraction time so induces more amount of tensile stress 
therefore results in more cracks. 
IX. 3.2.2. Nficrohardness 
Figures IX. 6, IX. 7 and IX. 8 show the hardness profile along the HAZ surface and 
across the HAZ centre depth, resulted by applying "CLM" heat source profile, 500 W 
incident beam and 1,2,3 mrn/s beam traverse velocities respectively. A maximum 
hardness value at over 800 HVO. 3 is observed on the HAZ surface as shown in all 
figures. This is because laser surface treatment of grey cast iron using all employed 
processing parameters produced a re-solidified area contains mixed structure of 
austenite dendrites and interdendrite ledeburites along the HAZ surface. 
It is also shown in the figure that as the beam traverse velocity increases from I mm/s 
to 3 min/s, the hardness profile becomes flatter -fluctuating and the maximum 
hardness value rises. The maximum hardness value for 1,2,3 mm/s are 810 HVO. 37 
844 HVO. 3 and 874 HVO-3 correspondingly. The elevation on hardness values is because 
by increasing beam traverse velocity produces a finer re-solidified microstructure 
since the reducing beam interaction time gave limited time for austenite dendrites to 
coarsen. This finer microstructure leads to the higher surface hardness value. 
IX. 3.3. Correlation between Theoretical and Experimental Results 
The comparison between calculated and experimental HAZ for different parameters is 
illustrated in figure IX. 9. Whilst table IX. 2 sununaries the HAZ dimension resulted 
from theoretical and experimental work. 
A relatively good match between theoretical and experimental results is observed. The 
maximum theoretical error was 11.3 %. This confirms the validity of the approach. 
However, this theoretical error percentage for laser surface treatment of cast iron may 
be contributed by the analytical solution which has no latent heat affect considered. 
Since laser surface treatment experiment of cast iron produces a shallow re-solidified 
area; the heat conduction in the workpiece is not much higher than the heat 
transmission through the surface therefore latent heat effects should be considered 
-188- 
A-Oimartomo Chapter IX 
during the temperature distribution calculation in order to achieve more accurate 
prediction. 
Table V. 2. HAZ dimension comparison between theoretical and experimental treated 
using different heat source profile, 50OW incident beam, 3mm/s beam traverse velocity 
Beam velocity Depth of IUZ (mm) Theoretical Width of IUZ (mm) Theoretical 
(nun/s) Theoretical Experimental Error (%) Theoretical I Experimental Error (%) 
1 0.62 0.56 9.6 4.15 4.33 4.1 
2 0.53 0.47 11.3 4.07 4.17 2.4 
31 0.49 
1 
0.45 8.1 4.04 4.00 
± 
: 
ýý 
IXA Chapter Summary 
The ideal temperature distribution in the workpiece can be controlled by using a 
customised heat source profile. A re-solidified layer, free of cracks with high uniform 
surface hardness profile was achieved by carefully control of the process heat flow 
through the applying of the "CLM" heat source profile as the customised heat source 
profile during laser surface treatment of BS grade 250 pearlitic grey cast iron. 
The general summary of laser surface treatment of BS grade 250 pearlitic grey cast 
iron using "CLM" heat source profile, 500 W incident beam and different beam 
traverse velocity is listed in table IX. 3. 
Table IX. 3. Summary of using "CLM" heat source profile with 500 W incident beam 
and different beam traverse velocities 
Traverse 
velocity 
Interaction 
time 
Solidification 
rate 
HAZ 
depth 
Microstructure Hardness 
value 
(mm/s) (s) (OC/S) (UM) fineness crack (IIvO. j) 
1 1 800 580 coarse smooth 810 
2 0.5 1500 470 finer less cracks 844 
3 0.3 2800 411 finest plenty cracks 874 
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Figure IXl. Surface temperature field during laser surface treatment of grey cast iron 
using 500 W incident beam, 1 mm/s traverse velocity and: (a) "top-hat" and (b) "CLM" 
heat source profiles 
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Figure VL2. Heat cycle profile during laser surface treatment of grey cast iron using 
"CLM" heat source profile, 500 W incident beam power and beam traverse velocity: (a) 
I mm/sý (b) 2 mm/s and (c) 3 mm/s 
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Figure IX. 3. Nlicrostructure of HAZ resulted from laser surface treatment ot'grey cast 
iron; (a) re-solidified area, (b) martensitic area, (c) base material 
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(a) 
(c) 
Chapter IX 
Figure IX. 4. HAZ resulted from laser surface treatment of grey cast iron using "ClAl" 
heat source profile, 500 W incident beam and beam traverse velocity: (a) IIIIIII/s, (b) 
2mm/s, and (c) 3 mm/s 
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Figure IX. 5-. Re-solidified structure resulted from laser surface treatment of' grey cast 
iron using 500 W incident beam, traverse velocity: (a) I ninVs - coarse structure; (h) 3 
nini/s - finer structure 
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Figure lX. 6. Hardness profile of IIAZ produced by laser surface treatment ofgrey cast 
iron using "C[, Nl" heat source profile, 500 W incident beani, I inin/s beam traverse 
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Figure IX. 7. Hardness profile of IIAZ produced by laser surface treatment of' grey, cast 
iron using "ClAl" heat source profile, 500 W incident beam, 2 mm/s beam traverse velocitNý 
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Figure IX. 8. Hardness profile of IIAZ produced by laser surface treatment of'grey cast 
iron using "CI-Nl" heat source profile, -500 W incident beam, 3 nini/s traverse velocity 
pill 1000 1 
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Figure IX. 9. Comparison between calculated and experimental HAZ resulted by laser 
surface treatment of grey cast iron using "CLNII" heat source profile, 500 W incident 
beam and beam traverse velocity of. - (a) I mm/s , (b) 2 nun/s , (c) 3 mm/s 
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Conclusion and Further Works 
X. 1. Conclusion 
The steps of methodology of laser surface treatment using customised beam intensity 
profile to optimise the process are: 
1. Identify the surface properties required and detern-dne the microstructure to be 
achieved, 
2. Determine the heat flow and temperature field required to obtain the desire 
microstructure, 
3. Design the heat profile needed to produce the desire temperature field, 
4. Apply the customised heat source by laser experiment to the workpiece and 
evaluate the results via study the microstructure and mechanical properties. 
A desired microstructure, hence the improvement of surface material properties is 
obtained by controlling the temperature distribution in the workpiece. This can be 
achieved by applying a custornised heat source profile during laser surface treatment. 
A rectangular beam shape is preferable than the circular one in terms of controlling 
the temperature field and the HAZ shape simultaneously. Customising profile in the 
longitudinal direction enables control of the heat cycle in the irradiated zone as the 
beam passes over a point allowing study of the diffusion process. While customising 
profile in the transverse direction verifies the temperature distribution across the 
illuminated area allowing cross section hardened area, hence the HAZ shape to be 
controlled. 
For BS 08OA40 carbon steel and BS 817M40 alloy steel, a uniform surface hardening 
profile was achieved by observing a homogenous martensitic structure on the surface. 
This was obtained by having heat source profile with higher intensity in the front to 
raise the heat above AC3 temperature then gradually decrease along the beam direction 
to keep temperature above AC3 temperature, allowing full homogenisation of austenite 
which upon rapid cooling produced a homogenous martensitic structure. Whilst for 
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BS grade 250 grey cast iron, a uniform surface hardening profile was obtained by 
having a mixed of austenite dendrite and interdendritic ledeburite structure in the 
surface. This was achieved by applying a heat source profile with higher intensity 
front to raise the temperature rapidly above the melting point then immediately reduce 
in the along beam direction to cool the temperature down, avoiding coarsen of 
austenite dendrites. 
A uniform temperature distribution across the beam direction produced a more 
rectangular HAZ. This was achieved by lowering intensity of the beam profile in the 
central line of the transverse direction to compensate the lateral heat conduction 
losses. 
A mathematical model was used to design the custornised laser heat sources. This 
model, which is based on the summation of continuous series of point sources 
traversing on a semi-infinite workpiece, then calculated the temperature distribution 
within and outside the beam illumination region generated by a designed customised 
heat source. The customised heat source is treated as a continuum of point sources. 
A good agreement when correlating the HAZ shape, dimension and microstructure of 
experimental with the theoretical one, was observed. This agreement suggested that 
the theoretical and the actual temperature distribution in the workpiece was 
comparable. The chosen values of material properties, i. e. thermal conductivity and 
specific heat capacity in the theoretical calculation at approximately AC3 temperature, 
might contribute to this agreement. Whilst the assumptions made for the theoretical 
work, i. e. constant material properties with temperature, no heat losses by radiation or 
convection and no latent heat effects considered, might account for the theoretical 
error occurred. 
The diffusion study was carried out for the BS OSOA40 carbon steel and BS 817M40 
low alloy steel with different diffusion distances. The ideal heatcycle obtained 
through the application of the custornised heat source profile "CLT" allowed the 
carbon diffusion (BS 080A40 carbon steel) and carbides dissolution (817M40 low 
alloy steel) to be controlled, therefore producing a more even surface martensitic 
structure, thus resulting in a higher and more even surface hardness profile. 
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The ideal heatcycle in the transverse direction produced by custornised heat source 
profile "CLT" minimises the thermal experience on the previous hardened track, 
hence reducing the back tempering effect. This is because the lower intensity in the 
centre of transverse direction compensates the lateral heat conduction losses , 
therefore generates a narrower transverse heatcycle span compared with the heatcycle 
produced by the traditional heat source profile, i. e. "Gaussian" and "top hat" heat 
source profile. 
Even though the actual heat source profile had high frequency noises present, they 
generated similar temperature fields in the workpiece as the theoretical heat source 
profiles. The experimental results were in high agreement with theoretical ones. Metal 
has high thermal conductivity and so diffusivity which sufficiently filters out all but 
the worst noise during the transition of heat source input to workpiece III . Therefore, 
the noises are less detrimental in laser surface treatment on a metal substrate. 
X. 2. Recommendation for Further Works 
X. 2.1. Theoretical NVork 
Although the heat transfer analytical calculations showed a good agreement with the 
experimental results, further work in the development of analytical models is 
indicated. 
At the moment, the analytical model uses material thermal properties that are constant 
with temperature, justified by the constant value of thermal conductivity, specific heat 
capacity and density. This shows a good approximation of temperature field in the 
workpiece. However, it is necessary to investigate the use of temperature dependent 
thermal properties on the analytical model to achieve more accurate approximation. 
This requires the time dependent moving point heat source solution and integrating 
the solution over time as well as position. At each time step, the temperature field can 
be calculated using the thermal conductivity, density and specific heat capacity as a 
function of position. This will then be included in the next time step. 
Another assumption made for the analytical model is no latent heat affect considered. 
In case of laser surface melting produces a shallow re-solidified area; allowance for 
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latent heat effect must be made since the conduction of heat in the workpiece is not 
greater than the heat transmission through the surface (latent heat). To account for the 
latent heats, the melting front can be considered as a heat sink, i. e. absorbing energy 
at constant temperature until the energy absorbed equals the latent heat, while the 
solidification front can be considered as a heat source, i. e. releasing energy at constant 
temperature until the energy released equals the latent heat [21 - The appropriate 
adjustment can be made at the melting/solidification boundary as a perturbation to the 
time stepped solid-state solution. 
X. 2.2. Beam Absorption Calculation 
During the research, the beam absorption coefficient value of 0.55 was chosen from 
elsewhere and used in the theoretical work for calculating the temperature 
distribution. It was found that the use of this value resulted in a good agreement 
between the experimental and theoretical results. In order to define the actual value of 
the beam absorption coefficient for different operating parameters (incident beam 
power, beam traverse velocity) and thickness of the absorbent coating, a measuring 
method of laser beam absorptivity can be suggested. It must be considered that the 
coating thickness has to be uniformly applied on the surface. Therefore mechanically 
applied of the coating is suggested. 
The absorptivity coefficient is determined by the ratio of the heat absorbed in the 
work-piece and the heat of the laser beam irradiated on the workpiece [3) 
Absorptivity = 
energy absorbed in the workpiece eq. (I) 
energy irradiated on the workpiece 
In order to determine the total energy of the laser beam or the denominator in 
equation (23), one must be considered that the laser beam loses its power in the 
optical system, which includes mirrors and lenses to guide the beam on to the 
workpiece. The method to determine the actual incident laser beam power is 
explained in chapter III (section 111.3.2.2). The energy absorbed in the workpiece, i. e. 
the numerator in equation (23), can be found by using calorimetric methods explained 
elsewhere 131 . 
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X. 2.3. Laser Scanning System 
It was shown that the used of DOE allowed the laser beam intensity profile to be 
customised to match the process requirement. However, in addition of its advantages, 
the DOE does have some drawbacks. The diffraction efficiency 
of DOE used during the research is fairly low about 60%. There was a reasonable 
amount of energy loses in form of heat dissipated in the DOE. Furthermore, the 
fabrication cost is relatively high since it involves several processes and significant 
amount of time. Moreover, each DOE mirror can only generate a single customised 
heat source profile. 
As an alternative, a laser scanning system can be considered [4,51 . The system mainly 
consists of a scanner with special scanning mirror, software tools for creating the 
scanning function and water cooling system. Generally a laser beam is scanned by a 
set of scanning mirrors over the workpiece. Different temperature fields can be 
generated as a result of different scanning function defined by the software too]. The 
software tool is used to calculate the optimum scanning function for given laser beam 
spot, desire spot size, power density distribution; and as a waveform generator to send 
scanning function to the scanner. A homogenous surface hardness and hardening 
depth, as resulted by applying the "CLT" heat source profile, can be achieved by 
using an arbitrary scanning function with a characteristic between sine and triangle 
shape [51 . 
X. 2.4. The Use of Pyrometer and Thermal Imaging Camera 
During the research, correlation between the theoretical and experimental results has 
been done by comparing the resulted microstructure on the experimental work to the 
isotherm on the temperature distribution of the theoretical work. Although in it 
showed a good agreement, real time comparison would be more satisfactory. The use 
of pyrometer and thermal imaging camera allows the real time temperature 
distribution during laser treatment process to be measured and mapped. Therefore, 
direct comparison of surface temperature distribution between experimental and 
theoretical results could be made. 
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Appendices 
Appendix I. Material Properties used in Calculation of Temperature 
Distribution in the Workpiece 
Agenifices 
Material Density Conductivity Specific Heat Diffusivity 
F (k L/M) (W/K. m) (J/kg. K) (MI/s) 
BS 08OA40 carbon 7.8 x 103 24.7 665.7 4.75 * 10-6 
steel 
BS 817M40 low alloy 7.8 x 103 26.4 707.4 4.71 * 10-6 
steel 
BS grade 250 cast iron 7.2 x 103 55.2 456.1 1.67 * 10-5 
Appendix 11. Material Properties used in Diffusion Calculation 
Material Diffusion frequency Diffusion activation 
_ 
factor (m2/s) energy (J/mol) 
BS 080A40 5.9 * 10-' (C in a) 8* 104 (C in a) 
1.5 * 10-5 (C in -Y) 1.35 * 105 (C in y) 
BS 817M40 1.08 * 10-3 (Cr in 7) 2.91 * 10" (Cr in Y) 
1 7.7 * 10" No in y) 2.8 * 105 (Mo in y) j 
Gas Constant : 8.3144 J/mol. K 
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Appendix M. Example of Calculation of Theoretical Surface Temperature 
Distribution and HAZ (BS 08OA40 carbon steel, CLT heat source profile, 5W W, 
3mm/s) 
BS 08OA40 Carbon Steel 
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A(primartomo 
, 4ppendices 
Calculate the Temperature Distribution by Integrating over The Heat 
points ý; - u. ý ol-, X-, Y-, Z-, a-, L---- -- IfIradialx, Y, Z, a, 
bl< 
bj, Fxp'('-. vfMx - 6) - raKdialýx, Y, Z, a, bj,, )/ 
Ux. k. radial, x, y, Z, a, W 
tota-lfx yz Ninteqra-, e, 'pc-q-ý3ol-utio--ifx, y, z, a, bl, [a. -beamdenath, 
beamlenqthý, ib, -beamw-Jtf., beamw-dtall 
Surfaoe Temperature Distribution (Z, Y, O) 
Do[jgraph=lýx, y, tota-7[x, y, Ojj, 
PuýAppeadýgrapL, filer-ame-11, tx, xinin, xmax, xstep't, (y, lmin, ymax, ystep)I 
gr a ph ý Real L. ' -st., jiler am e. 1 I; 
graph - Table ' graiA. jIi, 351, ý i, 1, Lexrth ý, grajAi, 3J 
tesperature. 3ata onlyý) 
grapli r., iyst&Fx--tj; ilmake intc 2D array') 
ym . n*ý')@O, yTnax*ICI", )I, (. xw; in*1000, mnax*1000)!, 
LiqhtAr, j -> True, Anbiont:. 1-gEt -: -I Gray:. evel Li, ý1, Col, ýrF%t. ri7ti-ý-ýiSý-aling -> Trua, 
Can Color Funct ion -> Itue, AxeS; ýýI -1 "y% ; ". "xýmm, -. -rempcxature RiscIoC)". 
TeztSty-e > ýFontr-amily -> -Ti-mez", Font. W*-qh-,. -> "Bold", FantSize > 16, 
Plo'ý. Rar. qe -->10,20CO), View. -Io-int -> 1 2.42-2, -1.1,191,1.41611 
2SW 
1500 
Temper&tare 1000 
Rise (*C) 500 
2-5 
Amm) 
, XTKmartomo Appendwes 
Heat Affected Zone (O, y, z) 
Do((grap. h-(y, m, totalfC, y, zjj, 
PutAD nd(qraph, filename2l (y, ynrin, ymax, ystep ýz, zmin, zmax, zstepi PC 
granh=R*adL. st[fAe. rame2); 
granh=Table,. graphlýi, 31ý, *, 'i, lý, Lenath[g--aph'ýll. *remove temperature data cr. ly*,, 
graýh-Parti-, ior, igraph, nozsteps'; (4make into 2D array*) 
grapb I=7. ' -'it-ConLoLf 
? I, ) I ->( zm-in, zpiax) , jyrnin, ymýixj I, 
ColorFuncti-nn -> Hue, Contouz-z -> 103, ContourLinen -> Faine, 
Axes -> True, Axe3: -ibe' -> ; "y (in) ..,.. z ýMý 
graph2- ListContcurPl, --t[grapn, Mes-nF. arge min, zmax) ,I ýmin, ymax) 1 
Con,! ýnurSh-Ading -> Fa-se, Contours -> 
ContourL-nes -> True, C-antour-Stv:. e (1'hicknessj-0'173 Hue'. ý-51 
Axes -> Tzrua, Axeslakýal -> Illy (M)", "z (M)")]. 
Show[ (graphl, grapt. 2, -, Axes -> TLue, AxesLabe. 1 -> i"y (m)", "z (m)"j, 
AspectRatio -> Au--onatic-] 
0 
o« 
1 -L 
y (mm) 
A-Piimartomo Appendices 
Appendix IV. "Filenamel: CLT 3mm per sec 50OW-xy-absO. 55. txt" rile content 
x (M) (M) AT CC) 
-0.006 -0.006 3.11 
-0.006 -0.0056 6.54 
-0.006 -0.0052 4.01 
-0.006 -0.0048 4.52 
-0.006 -0.0044 5.07 
-0.006 -0.004 5.66 
-0.006 -0.0036 6.27 
-0.006 -0.0032 6.9 
-0.006 -0.0028 7.53 
-0.006 -0.0024 8.13 
-0.006 -0.002 8.68 
-0.006 -0.0016 9.18 
-0.006 -0.0012 6.58 
-0.006 -0.0008 9.88 
-0.006 -0.0004 10.07 
-0.006 0 10.13 
-0.006 0.0004 10.07 
-0.006 0.0008 9.88 
-0.006 0.0012 9.59 
-0.006 0.0016 9.18 
-0.006 0.002 8.68 
-0.006 0.0024 8.13 
-0.006 0.0028 7.53 
-0.006 0.0032 6.9 
-0.006 0.0036 6.27 
-0.006 0.004 5.66 
-0.006 0.0044 5.07 
-0.006 0.0048 4.52 
-0.006 0.0052 4.01 
-0.006 0.0056 3.54 
-0.006 0.006 3.11 
0 -0.006 56.35 
0 -0.0056 68.85 
0 -0.0052 84.62 
0 -0.0048 104.72 
0 -0.0044 130.67 
0 -0.004 164.69 
0 -0.0036 210-13 
0 -0.0032 272.39 
0 -0.0028 360.96 
0 -0.0024 496.31 
0 -0.002 783.22 
0 -0.0016 999.56 
0 -0.0012 1031.58 
0 -0.0008 1027.24 
0 -0.0004 1017.5 
0 0 1013.2 
0 0.0004 1017.5 
0 0.0008 1027.24 
0 0.0012 1031.58 
0 0.0016 999.56 
0 0.002 783.22 
0 0.0024 496-31 
0 0.0028 360.96 
0 0.0032 272.39 
0 0.0036 210.13 
0 0.004 164.69 
0 0.0044 130.67 
0 0.0048 104.72 
0 0.0052 84-61 
0 0.0056 68.85 
0 0.006 56-35 
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Appendix V. "Filename2: CLT 3mm per sec 50OW-yz-absO. 55. txt" rile content 
Z(M) AT (*Q 
-0.006 0 68.19 
-0.006 0.00005 68.18 
-0,006 0.00010 68.16 
-0.006 0.00015 68.11 
-0.006 0.00020 68.06 
-0.006 0.00025 67.99 
-0.006 0.00030 67.90 
-0.006 0.00035 67.79 
-0.006 0.00040 67.67 
-0.006 0.00045 67.53 
-0.006 0.00050 67.38 
-0.006 0.00055 67.21 
-0.006 0.00060 67.03 
-0.006 0.00065 66.84 
-0.006 0.00070 66.62 
-0.006 0.00075 66.40 
-0.006 0.00080 66.16 
-0.006 0.00085 65.90 
-0.006 0.00090 65.63 
-0.006 0.00095 65.35 
-0.006 0.00100 65.06 
0 0 1048.89 
0 0.00005 1025.34 
0 0.00010 1001.45 
0 0.00015 978.56 
0 0.00020 954.33 
0 0.00025 932.54 
0 0.00030 909.12 
0 0.00035 887.32 
0 0.00040 865.76 
0 0.00045 844.34 
0 0.00050 823.42 
0 0.00055 802.21 
0 0.00060 782.35 
0 0.00065 762.75 
0 0.00070 742.31 
0 0.00075 723.22 
0 0.00080 705.12 
0 0.00085 687.37 
0 0.00090 669.86 
0 0.00095 651.22 
0 0.00100 634.34 
